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Preface 
 
This report presents the inventory data, results and interpretation of a consequential life cycle 
assessment carried out for the technique “Separation of digested fattening pig slurry for optimal P 
concentration”, in the context of Denmark. 
 
It was produced as part of work package 5 of the project “Baltic Forum for Innovative Technologies 
for Sustainable Manure Management (Baltic Manure)”. The long-term strategic objective of the 
Baltic Manure project is to change the general perception of manure from a waste product to a 
resource, while also identifying its inherent business opportunities with the most suitable manure 
handling technologies and policy framework, for the Baltic Sea Regions (BSR). Baltic Manure is 
partly financed by the European Union (European Regional Development Fund), through the Baltic 
Sea Region Programme 2007-2013. 
 
The report was performed and edited by Marianne Wesnæs and Lorie Hamelin (University of 
Southern Denmark), and benefited from the advices of Henrik Wenzel (University of Southern 
Denmark).  
 
Internal review of the inventory analysis part of the LCA was performed by Ksawery Kuligowski, 
Marek Ziółkowski and Dorota Skura from Pomeranian Centre for Environmental Research and 
Technology (POMCERT, University of Gdansk). 
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1 Introduction  
 
1.1 Background and objective (overall Baltic Manure project) 
 
In 2009, the European Union Strategy for the Baltic Sea Region (EUSBSR), along with its Action 
Plan, was approved by the European Council, making it the first macro regional strategy in Europe. 
As part of the Action Plan, the Strategy promotes Flagships Projects which fall within the scope of 
the overall objectives of the Strategy, namely: “Save the Sea”, “Connect the Region” and “Increase 
Prosperity”.  
 
Baltic Manure, which involves 18 partners from 8 BSR countries (Denmark, Estonia, Finland, 
Germany, Latvia, Lithuania, Poland and Sweden), is one of these Flagship projects. The long-term 
strategic objective of the Baltic Manure project is to change the general perception of manure 
from a waste product to a resource, while also identifying its inherent business opportunities with 
the most suitable manure handling technologies and policy framework. 
 
The project is divided into 7 work packages: 
 WP1: Project management and administration 
 WP2: Communication 
 WP3: Innovative technologies for manure handling 
 WP4: Standardisation of manure types with focus on phosphorus 
 WP5: Assessing sustainability of manure technology chains 
 WP6: Energy potentials of manure 
 WP7: Business innovation 
 
The results presented in this document are the outcome of WP5. The objectives of WP5 are two-
fold: 
 To assess the environmental consequences of different manure management technology 
chains of relevance for the BSR in order to provide a support for prioritization of these 
technologies in the different BSR countries: 
 To propose a common platform for Life Cycle Assessment (LCA) of manure management in 
the BSR. 
 
One key outcome expected from WP5 consists of the production of Life Cycle Inventory reports for 
selected manure processing technology chains that can be used as a support for policy 
instruments. As a result, a series of such reports were made for a selection of different 
combinations of manure processing technologies, manure types and BSR countries. An overview of 
the combinations assessed is available in the final WP5 report. 
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1.2 Objective, summary (this LCA report) 
 
This report presents the inventory data, results and interpretation of the life cycle assessment 
carried out for the technique “Separation of digested fattening pig slurry for optimal P 
concentration”. The focus of the report is the separation of digested pig manure after the biogas 
plant. 
 
It aims to highlight, in a so-called “whole-system perspective”, the environmental consequences of 
implementing separation after the biogas plant in order to optimize the distribution and field 
application of the phosphorous content in the digested pig manure, compared to biogas 
production on source-segregated pig manure without separation after the biogas plant. 
Furthermore, the system has been compared to the status-quo (or reference) manure 
management situation, where the manure is simply stored (in-house and outdoor) and then 
applied to soil as an organic fertilizer. A detailed explanation can be found in section “2.2 
Background and objective (this LCA report)”. 
 
The results apply for the BSR country Denmark.  
 
 
1.3 Organization & Participants 
 
Baltic Manure is partly financed by the European Union (European Regional Development Fund), 
through the Baltic Sea Region Programme 2007-2013. The project is led by MTT - Agrifood 
Research (Finland), with a total budget of 3.7 million €. This 3 year project started in 2011 and 
ended in 2013.  
 
The participants of WP5 include: 
 Juha Grönroos, Katri Rankinen & José E. Cano-Bernal; Finnish Environment Institute (SYKE) 
 Lorie Hamelin, Henrik Wenzel, Marianne Wesnæs & Henrik Saxe; University of Southern 
Denmark 
 Andras Baky; Swedish Institute of Agricultural and Environmental Engineering (JTI) 
 Sirli Pehme; Estonian University of Life Sciences 
 Laura Alakukku & Lauri Larvus; University of Helsinki  
 Ksawery Kuligowski,  Dorota Skura, Marek Ziółkowski & Andrzej Tonderski; Pomeranian 
Centre for Environmental Research and Technology (POMCERT)  
 
More details about the Baltic Manure project and the overall participants can be found on the 
project website; balticmanure.eu. 
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2 Scope 
 
2.1 Methodology 
 
This report is based on the Life Cycle Assessments method (LCA) described in the Danish EDIP 
method by Wenzel et al. (1997) and further updates of this method (Hauschild & Potting (2005), 
Weidema et al. (2004), Weidema (2004), Stranddorf et al. (2005)). 
 
The method used is based on the consequential LCA approach. The purpose of the consequential 
LCA approach is to show the environmental consequences of the decision that is assessed by the 
LCA. The LCA shall reflect that choosing one alternative over another involve an increasing 
demand for that alternative and the environmental consequences of this choice. This is done 
through system expansion and the use of marginal data, striving to include only what is affected 
by a change in demand for the alternative technology. 
 
The consequential approach requires that the LCA is comparative, i.e. that alternatives are 
compared. The consequential and comparative approach ensures that all compared alternatives 
are equivalent and provide the same services to society, not just regarding the primary service, 
which is the “main function” of the system, which is in this study “management of manure from 
fattening pigs”, but also on all secondary services. Secondary services are defined as 
products/services arising e.g. as co-products from processes in the studied systems. In this study, 
secondary functions are for example the nutrient value of the slurry (that can replace mineral 
fertilisers) and the heat and electricity produced on the biogas. See further explanation of 
comparative and consequential LCA in Hamelin (2013), Wenzel (1998), Ekvall and Weidema (2004) 
and Weidema (2004).  
 
In this LCA, biogenic CO2 is included. It would not be correct to regard manure as “CO2 neutral”.   
Consequential LCAs are always based on comparisons, and in order to make the comparison 
reasonable, the compared systems are based on the same “starting point” (i.e. the functional unit; 
in this case 1000 kg pig slurry ex-animal). The composition of the pig slurry ex-animal is also 
identical in the compared systems; accordingly, both LCAs start with the same amount of carbon 
(C). The fate of this C is followed throughout the systems, keeping track of the C balances in each 
step of the life cycle in order to identify the amount ending as CH4, CO2 or in the soil (carbon 
sequestration). The amount of CO2 will differ between the compared systems, and as biogenic CO2 
molecules have the same global warming potential as fossil CO2 molecules, it should be included. 
Including biogenic CO2 is the only way to demonstrate the benefits of a slurry management 
technology that leads to increased carbon sequestration. 
 
The carbon in the manure comes from the feed (i.e. the portion of C that was not absorbed by the 
animals, but excreted). Hence, this “CO2 uptake” by the growing crops for feed production could 
have been included in the LCAs and subtracted from the systems; however, as the initial amount 
of C is the same in all scenarios, it will just blur the conclusions. Furthermore, implementing 
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alternative manure management does not influence the feeding of the animals, and thus, feed 
production is not included. 
  
 
2.2 Background and objective (this LCA report)  
 
In 2009, the Danish Government stated the goal that 50% of the manure in Denmark should be 
used for biogas by 2020. Biogas is a key factor in the long term strategy by the Danish Government 
to be independent of fossil fuels by 2050. By primo 2012 there were 22 “large” biogas plants in 
Denmark (i.e. owned by groups of farmers) plus around 60 small “farm size” biogas plants, owned 
by one farmer only (Biogasbrancen (2013), Birkmose, 2012 and DR News, 10. Oct. 2013). In order 
to reach the goal, there is an increasing demand for building new biogas plants, and a “Task Force 
Group on Biogas” has been established by the Danish Energy Agency in order to examine and 
support biogas projects in order to assist the biogas development up to 2020 (DR News, 10. Oct. 
2013 and the Danish Energy Agency, 2013)).  
 
In Hamelin et al. (2012), various co-substrate strategies for increasing manure biogas production in 
Denmark was investigated, and it was concluded, that source-segregated manure was the best co-
substrate from an environmental point of view. Accordingly, it has been chosen to focus on this. 
 
At the same time, there are an increasing concern about excess amount of phosphorus from 
agricultural soils, phosphorous leaching to the Baltic Sea and the environmental consequences of 
this; eutrophication, combined with an growing concern about phosphorous as a limited resource, 
globally. 
 
In an overall perspective, it is interesting to investigate the options for optimizing the utilizing of 
the phosphorous resources from digested biomass from biogas plants. If the digested biomass is 
separated after the biogas plant, the solid fraction contains the main part of the phosphorous (P), 
and hence, this can be transported to agricultural areas with P deficiency/need. As mentioned 
above, it has been chosen to focus on the digested pig manure, originating from the anaerobic 
digestion of source-separated pig manure, i.e. separation of the digested manure after the biogas 
plant. 
 
Two questions are interesting in relation to this: 
 
A) Focusing on the digested pig manure only: What is preferable from an environmental 
point of view; to separate the digested pig manure or to use “the usual management of the 
digested manure” (i.e. outdoor storage and field application of the digested manure)? 
 
B) Focusing on the "whole system perspective": What are the environmental benefits or 
disadvantages of implementing the following chain of techniques: Source-segregation of 
manure from fattening pigs, biogas production, combined with separating the digested 
manure compared to "the usual management of raw pig slurry"?  
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Accordingly, two objectives are covered by this LCA: 
 
A) Focusing on the digested pig manure only; The first objective of this LCA is to identify the 
environmental consequences of separating the digested pig manure after the biogas plant 
in order to optimise the utilisation of the P content of the solid fraction (by transporting 
this to agricultural areas which needs P) - compared to the “usual management of the 
digested manure” (i.e. returning the digested manure to the farmers, where it will be 
stored outdoors for months until it is applied to the fields). In both cases, the biogas 
production is based on source-segregated pig manure, however, the source-segregation 
and biogas production is not included in this “part A” of the LCA, as the focus is in the 
digested pig manure, and this is the “starting point” of the LCA. 
 
B) Focusing on the “whole system perspective”: The second objective of this LCA is to 
evaluate the environmental aspects of the following chain of techniques: Source-
segregation of manure from fattening pigs, using the solid part from the source-
segregation for biogas production, separating the digested pig manure after the biogas 
plant in order to optimise the utilisation of the P content of the solid fraction (by 
transporting this to agricultural areas which needs P) – compared to “the usual 
management of raw pig slurry” (i.e. in-house storage, outdoor storage and field 
application). In this “part B” of the LCA, the source-segregation and the biogas production 
is included in the scenario. For this “part B”, the “starting point” of the LCA is the untreated 
pig manure ex-animal, in order to make it reasonable to compare the results with the other 
Danish LCA reports, using pig manure ex-animal as a starting point. 
 
 
2.3 Basis for the comparison: The functional unit 
 
In order to make a reasonable comparison it is fundamental to perform the LCA in relation to the 
same function, i.e. the same service i.e. “the Functional Unit”. As described in section 2.2 above, 
two objectives have been defined in this report. 
 
For “objective A” (Focusing on the digested pig manure only) the “Separation of digested pig slurry 
for optimal P concentration” has been compared to the “Storage and field application of digested 
pig manure” based on the functional unit “1000 kg digested pig manure right after the biogas 
plant”. The composition of the digested pig manure is shown in table 4.5.  
 
For “objective B” Focusing on the “whole system perspective”: The scenario for “Source-
segregation, biogas production & separation of digested pig slurry” has been compared to the 
reference scenario based on the functional unit “1000 kg fattening pig slurry “ex-animal”, i.e. right 
after excretion. The composition of the reference slurry e-animal is shown in table 3.1. 
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2.4 System Boundaries 
 
In principle, an LCA covers all environmental impacts from all processes in the entire chain; 
however, when comparing alternatives, it is not necessary to include processes that are identical 
in the compared systems. In this study, focus has been put on the differences between the 
scenarios, and the processes, that are identical for the reference scenarios and the alternative 
technologies have been left out. Common for all the scenarios in this study are all the processes 
“upstream” of the slurry excretion, i.e. production of pigs, production of feed, medicine, 
hormones, housing systems etc., accordingly, these are not included. 
 
A reference crop rotation has been established in order to estimate the ammonia emissions in the 
period after application in the field. However, the life cycles of these crops are not included within 
the system boundary (e.g. sowing and harvesting operations, tillage, management of the crop 
residues, etc.), as this is not a consequence of the slurry management.  
 
I order to answer the questions related to “objective A” and “objective B” described in section 2.2, 
three systems/scenarios are described in this LCA: 
 The Reference System (i.e. the “usual” management of raw slurry from fattening pigs in 
Denmark) (Chapter 3) 
 A “Source-segregation and biogas” Scenario (Chapter 4) 
 A “Source-segregation, biogas and separation after the biogas plant” Scenario (Chapter 5) 
The comparison of these, and the comparison of parts of these, leads to the results relevant for 
the objectives. 
 
 
2.4.1 System boundaries for the Reference System (“usual” management of pig manure) 
 
The Reference System reflects the conventional manure management practices for fattening pig 
manure in Denmark (anno 2011). The reference scenario can be summarised as the following 
three main stages: In-house storage, outdoor storage and application to field.  
 
The Reference system starts when the slurry leaves the pig and hits the floor or the slurry pits in 
the housing system. Once excreted, the pig manure is stored in-house in the slurry pit below the 
animals. On a regular basis, the pits are emptied and the slurry is temporarily transferred to an 
outdoor pre-tank. From the pre-tank, the slurry is transferred to an outdoor covered storage tank, 
made of concrete. The cover consists of a cut straw cover. Slurry will remain in the storage tank 
until the suitable period for field fertilisation. When suitable, the slurry will be pumped from the 
storage tank, transported to the field and applied to the fields to be fertilised. Included within the 
system boundary are all processes related to slurry handling: e.g. slurry storage (in-house, pre-
tank, outdoor storage), slurry treatment, electricity needed for slurry handling (pumping, stirring, 
transport and fertilisation operations and slurry application and slurry fate in the soil). 
 
The Reference System is relevant for “objective B” (Focusing on the “whole system perspective”). 
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Figure 2.1: System Boundaries for the Reference System. Dotted lines indicate avoided processes. 
 
 
 
 
2.4.2 System boundaries for the “Source-segregation and Biogas” Scenario 
 
The “Source-segregation and Biogas” Scenario starts with source-segregation of the urine and 
faeces from fattening pigs (based on separation by a rotating belt conveyor, which separates urine 
and faeces immediately after excretion, substantially avoiding contact faeces and urine). The 
faeces is transported to a biogas plant, where it is mixed with small amount of untreated slurry 
(also from fattening pigs) in order to obtain the optimal mixture for biogas production. After the 
biogas plant, the digested pig manure is returned to the farmers, where it is stored in concrete 
slurry tanks until it is applied to fields. The “Source-segregation and biogas” scenario is relevant for 
“objective B” (Focusing on the “whole system perspective”), and part of the scenario, starting 
from the digested pig manure (marked with blue in the figure below), is relevant for “objective A” 
(Focusing on the digested pig manure only). 
 
Figure 2.2: System Boundaries for the “Source-segregation and biogas” scenario. Dotted lines 
indicate avoided processes. 
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For “objective A” (Focusing on the digested pig manure only) the system starts when the digested 
pig manure leaves the biogas plant, which means that the included processes include the outdoor 
storage and field application of the digested pig manure (see the figure below). 
 
Figure 2.3: System Boundaries for “objective A” (Focusing on the digested pig manure only). Dotted 
lines indicate avoided processes. 
 
 
 
 
 
2.4.3 System boundaries for the “Source-segregation, Biogas and Separation after the biogas 
plant” Scenario 
 
The “Source-segregation, Biogas and Separation after the biogas plant” Scenario for covers a 
combination of technologies:  
 Source-segregation of the urine and faeces from fattening pigs (based on separation by a 
rotating belt conveyor, which separates urine and faeces immediately after excretion, 
substantially avoiding contact between faeces and urine), 
 Biogas production (based on a mixture of the faeces fraction from the source-segregated 
pig slurry mixed with untreated pig slurry in order to obtain the optimal mixture for biogas 
production) 
 Separation of the digested pig manure after the biogas plant. The solid part contains the 
main part of the phosphorous, and this part is transported to agricultural areas needing P. 
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Figure 2.4: System Boundaries for the “Source-segregation, Biogas and Separation after the biogas 
plant” Scenario. Dotted lines indicate avoided processes. 
 
 
 
 
 
For “objective A” (Focusing on the digested pig manure only) the system starts when the digested 
pig manure leaves the biogas plant, which means that the included processes includes the 
separation of the digested pig manure, outdoor storage and field application of the liquid and solid 
fractions (see the figure below). 
 
Figure 2.5: System Boundaries for “objective A” (Focusing on the digested pig manure only). 
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2.5 Temporal, geographical and technological coverage 
 
The study has been based on data from the most recent year for which consistent data are 
available. The Reference manure composition for Denmark is based on year 2011. It is the 
intention that data used for this study should apply for 2011 and the following 5-7 years. The 
scenario in this report covers manure management under Danish conditions (e.g. housing systems, 
storage facilities, soil types, application methods, energy production and legislation regarding 
fertilisation and nutrient substitution). As the slurry composition varies significantly within the 
European countries due to differences in on-farm management, e.g. for feeding, it is not possible 
to transfer the results of this study directly to other European countries without adjustments.  
 
For the reference scenario, the technological coverage is based on “average technology” and 
represents the “state of the year 2011”. The intended technology level for the “Source-
segregation and biogas” scenario and the “Source-segregation, Biogas and Separation after the 
biogas plant” Scenario is “Modern Technology” i.e. technology existing today and that will most 
likely be the technology used during the upcoming years. In cases, where a range of data for 
emissions and performance has been collected for a technology, the highest end-of-the-interval 
has been chosen as a best representation of “modern & future” state-of-the-art technologies to be 
implemented. 
 
 
2.6 Data 
 
Data for the reference system and manure composition is based on Danish-specific data for 
manure management in accordance with the recommendations by the Ministry of Food, 
Agriculture and Fisheries of Denmark, The Danish AgriFish Agency (Poulsen et al., 2011)., and 
emission factors for ammonia are also based on this. 
 
Emission factors for methane and nitrous oxide are based on the IPCC Guidelines for National 
Greenhouse Gas Inventories from the Intergovernmental Panel on Climate Change (IPCC, 2006). 
Emission factors for nitrogen monoxide and nitrogen are based on “EMEP/EEA air pollutant 
emission inventory guidebook 2009 - Technical guidance to prepare national emission inventories” 
from the European Environment Agency (and the 2010 update of this). When needed, these 
factors have been combined with data from various literatures; see the references at the end of 
the report. 
 
Data for separation of the digested pig manure is based on information from Danish producers 
and verified tests of Danish produced separators. 
 
Data for source-segregation and biogas production is based on Hamelin et al. (2014). 
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Data on energy systems, energy production and the technology used in the agricultural production 
systems is based on a combination of Danish-specific data and the Ecoinvent v.2.2 database 
(Ecoinvent, 2007 and the Ecoinvent report for data on agricultural production systems: Nemecek, 
2007). 
 
The Life Cycle Assessment was facilitated with the LCA software SimaPro 7.3.3.  
 
 
2.7 Impact categories 
 
Four main impact categories are included: Global warming, acidification and nutrient enrichment 
(distinguishing between N and P being the limiting nutrient for growth), these being seen as the 
most relevant for agricultural biomass system (see further explanation in the Main Report by 
Hamelin et al. (2013a)). 
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3 Life Cycle Inventory data for the Reference Scenario (summary) 
 
The Life Cycle Inventory data for the reference scenario is described in Hamelin et al. (2013b). This 
section contains a summary only.  
 
The main preconditions for the reference system for fattening pigs, Denmark are: 
 A housing system with “partly slatted floor with 25-49% solid floor” 
 From the pre-tank in connection with the housing units the slurry is pumped to the 
outdoor storage in concrete slurry tanks and covered by a floating layer (straw) 
 The transport distance from storage to application to fields has been estimated to 10 km. 
 The slurry is applied with trail hose tankers to the field. 
 The Danish soil type JB3 has been used representing sandy soil (and clay soils not 
considered). 
 It is assumed that the slurry is applied to all crops in the crop rotation pattern (six year 
rotation). Crop types relevant for respectively pig slurry are specified, see section  4.8.2 
 
The manure composition data are given in table 3.1 below.  
 
Life Cycle Inventory data for the reference system is shown in table 3.2.  
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Table 3.1. Manure composition for the reference system (fattening pig slurry, Denmark). All data 
per 1000 kg slurry (at the respective manure stage, i.e. ex-animal, ex-housing or ex-outdoor 
storage) 
 Manure stage Comments 
 ex-animal ex-
housing 
ex-outdoor 
storage 
ex-animal ex-housing ex-outdoor storage 
Total mass (ton) 1 1 1 Mass balance a Mass balance b   
Dry matter (DM) (kg) 74.52 68.57 66 Mass balance c Mass balance c Poulsen (2011) 
Ash content (kg) 14.15 14.13 13.86 DM minus VS DM minus VS DM minus VS 
Volatile solids (VS) (kg) 60.36 54.44 52.1 Same loss, in 
absolute, as DM 
Same loss, in 
absolute, as DM 
Based on an average of 
Danish data, VS is 79% of 
TS for fattening pig slurry) 
Carbon (C ) (kg) 33.55 33.5 31.6 Mass balance d Mass balance d C:DM ratio is 18.2/38 for 
pig slurry (Knudsen and 
Birkmose, 2005) 
Total N (kg) 6.00 5.262 5.045 Poulsen, 2011 Mass balance e Mass balance e 
NH4+-N (kg) 4.20 3.95 3.08 EMEP-EEA (2010) Poulsen (2008) Based on ratio in Poulsen 
(2011). 
Phosphorus (P) (kg) 1.21 1.21 1.19 Poulsen, 2011 Mass balance f Mass balance f 
Potassium (K) (kg) 2.83 2.85 2.826 Poulsen, 2011 Mass balance g Mass balance g 
Copper (Cu) (kg) 0.0310 0.03097 0.0304 Mass balance h Mass balance h Cu:DM ratio is 0.0175/38 
for pig slurry (Knudsen 
and Birkmose, 2005) 
Zinc (Zn) (kg) 0.0908 0.0907 0.0891 Mass balance i Mass balance i Zn:DM ratio is 0.0513/64 
for pig slurry (Knudsen 
and Birkmose, 2005) 
Details described in Hamelin et al. (2013b). 
a Change in total mass during in-house storage: +1.934 kg added straw + 7.598 kg added water minus change in DM.  
b Change in total mass during outdoor storage: +2.5 kg added straw + 20.383 kg added water minus change in DM.  
c Change in DM: + DM added by straw minus DM losses. DM in straw:  850 kg DM/ton straw (Møller et al., 2000). DM 
losses: Danish losses are 10% in the housing units and 5% during outdoor storage (Poulsen, 2008) 
d Change in Total-C: C from added straw (same amount as in reference system minus emissions of CO2-C and CH4-C. 
0.4563 kg C/kg DM (Mean value from Biolex database) (www.biolexbase.dk 
e Change in Total-N: N from straw (same as reference system) minus emissions of NH3-N, N2O-N, NO-N and N2-N 
(indirect emissions of N2O-N not included). N added by straw: 0.00528 kg N/kg dm: Møller et al. (2000) 
f P from added straw as in reference system. 0.0009 kg P/kg dm: Møller et al. (2000) 
g K from added straw as in reference system. 0.015 kg K/kg dm: Møller et al. (2000) 
h Cu from added straw as in reference system. 3 mg Cu/kg dm: Møller et al. 2000 
i Zn from added straw as in reference system. 46 mg Zn/kg dm: Møller et al. 2000 
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Table 3.2 Life Cycle Inventory data for the reference system, fattening pig slurry, Denmark 
  Life cycle stage Comments 
 Emissions In-house 
storage 
Outdoor 
storage 
Field 
 
In-house Outdoor storage Field 
  kg per 
1000 kg 
manure 
ex-animal 
kg per 
1000 kg 
manure  
ex-housing 
kg per 
1000 kg 
manure  
ex-storage       
NH3-N 0.71 0.099 0.605 0.17 kg NH3-N per kg TAN
a 
ex-animal (Poulsen et al., 
2008, table 8.3) with 0.7 
kg TAN/kg N (EMEP/EEA, 
20010, table 3-8). 
2.5 % of TANa ex-housing 
(Poulsen et al., 2008, 
table 9.7); the N ex-
housing being estimated 
according to Poulsen et 
al. (2008), i.e.: N ex-
animal minus NH3-N 
losses in-house (not 
accounting other losses). 
12% of N applied (Hansen 
et al., 2008) (this is an 
average for application by 
trail hose tanker, 
excluding illegal dates) 
NH3-N, at 
application 
-  -  0.015    0.5% of TAN applied, for 
application by trail hoses, 
Hansen et al. (2008) 
N2O-N 0.0090 0.02096 0.050 0.005 kg N2O-N per kg N ex-animal (IPCC, 2006), 
distributed 30% to in-housing and 70% to outdoor 
storage, see explanation in Hamelin et al. (2013b) 
1% of N applied (IPCC, 
2006, chapter 11) 
NO-N 
(representing 
NOx) 
1.96×10-4 1.84×10-4 0.0050 0.0001 kg NO per kg TAN 
ex-animal (EMEP-EEA 
(2010), Table 3.9) 
0.0001 kg NO per kg TAN 
ex-housing (EMEP-EEA 
(2010), Table 3.9) 
0.1 × N2O-N, based on  
(Nemecek and Kägi, 2007) 
NO3-N 0 0 2.29 Assumption: No leaching, 
as leakages from animal 
housing units are 
prohibited in Denmark 
Assumption: No leaching, 
as leakages from animal 
housing units are 
prohibited in Denmark 
Based on Danish NLES4 
model (Kristensen et al., 
2008) 
N2-N 0.0126 0.0118  0.003 kg NO per kg TAN 
ex-animal (EMEP-EEA 
(2009), Table 3.9) 
0.003 kg NO per kg TAN 
ex-housing (EMEP-EEA 
(2009), Table 3.9) 
Not included as it is not 
needed for the mass 
balanced 
CO2-C 
(CO2) 
0.298 
(1.09) 
0.893 
(3.274) 
30.0 
(110.1) 
1.83 kg CO2 per kg CH4 
(Hamelin et al., 2014, 
section 5) 
1.83 kg CO2 per kg CH4 
(Hamelin et al., 2014, 
section 5) 
Based on Danish C-TOOL 
model, see section 4.8.5 
CH4-C 
(CH4) 
0.448 
(0.598) 
1.342 
(1.789) 
0 IPCC (2006) algorithm, distributed 25% to in-house 
storage and 75% to outdoor storage, see explanation 
in Hamelin et al. (2013b) 
Assumed negligible for 
aerobic conditions. 
P leaching 0 0 0.0324 
 
(0.00727) 
Assumption: No leaching, 
as leakages from animal 
housing units are 
prohibited in Denmark 
Assumption: No leaching, 
as leakages from animal 
housing units are 
prohibited in Denmark 
5% of surplus P.  
Sensitivity analyses: Finish 
model (Ekholm et al., 
2005) 
Indirect N2O-N 
(due to 
emissions of 
NH3 and NOX) 
0.00714 0.000991 0.0061 0.01 kg N2O–N per kg 
(NH3–N + NOX–N) (ex-
animal) (IPCC (2006b) 
table 11.3) 
0.01 kg N2O–N per kg 
(NH3–N + NOX–N) (ex-
housing) (IPCC (2006b) 
table 11.3) 
0.01 kg N2O–N per kg 
(NH3–N + NOX–N) (ex-
storage) (IPCC (2006b) 
table 11.3) 
Indirect N2O-N 
(due to NO3 
leaching) 
0 0 0.0172 No leaching, see above  No leaching, see above 0.0075 kg N2O-N per kg N 
leaching (IPCC, 2006). 
a Ammonium-N (NH4
+-N) and compounds readily broken down to NH4
+-N are referred to as total ammoniacal N (TAN) 
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4 Life Cycle Inventory data for the “Source-segregation and biogas” scenario 
 
The life cycle inventory for this “Source-segregation and biogas” scenario is based the “Manure 
source-segregation scenario” from the life cycle assessment of “Different Carbon Alternatives for 
Increased Manure-Based Biogas” as described in Hamelin et al. (2014), and on the background 
Excel sheets for Hamelin et al. (2014). Data and algorithms from this background Excel sheets have 
been used in this report in order to improve the understanding of this report.  
 
 
4.1 In-house storage of untreated pig slurry 
 
The biogas in this scenario is produced on a mixture of untreated pig slurry and the solid fraction 
of source-segregated pig manure. This section is regarding the untreated pig slurry. 
 
The untreated pig slurry is stored in-house before transport to the biogas plant. The emissions 
from the in-house storage of the untreated pig manure are identical to the in-house storage of the 
reference pig manure in the reference system. Accordingly, the Life Cycle Inventory data for this 
process is identical to the emissions during in-house storage of pig slurry in the reference system 
shown in table 3.2 (in chapter 3 above) in the column under “Life cycle stage - In-house”, where 
the emissions are given in “kg per 1000 kg manure ex-animal”.  
 
The composition of the untreated pig slurry leaving the housing units is identical to the 
composition of the reference pig slurry in table 3.1 (in chapter 3 above) in the column “Manure 
stage – ex-housing”. 
 
 
4.2 Source-segregation of pig manure 
 
In order to improve the methane yield at the biogas plant, the untreated slurry is mixed with the 
solid fraction of source-segregated manure. Urine and faeces is separated in-house immediately 
after excretion by the use of rotating belt conveyor technology (more detailed description of 
technology and water consumption for cleaning the equipment, see Hamelin et al. (2014). 
 
The separation efficiencies (i.e. the share transferred to the solid fraction) are shown in table 4.1 
below. The table is copied from Hamelin et al. (2014)1 and shown here in order to increase the 
understanding of the source-segregation. 
 
 
 
 
 
                                                      
1 Copied from table S49 in section 3.6.1 in the supporting information for Hamelin et al. (2014) 
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Table 4.1. Separation efficiencies for the source-segregation of manure. 
 
Segregation efficiency,  
i.e. the share transferred to the solid fraction 
Total mass 16%  
DM 72%  
VS 77%  
Carbon (C) 77%  
Total N 42%  
Phosphorus (P) 79%  
Potassium (K) 28%  
Copper (Cu) 82%  
Zinc (Zn) 76%  
 
The mass balances in table 4.2 are calculated based on the separation efficiencies from table 4.1. 
The table is copied from Hamelin et al. (2014)2. The electricity consumption for the source-
segregation of pig manure is assumed to be 1.2 kWh per t of slurry ex-animal (Hamelin et al. 
(2014). 
 
Table 4.2. Mass balance for the pig manure before and after source-segregation. 
  
Manure  
("ex- 
animal") 
Cleaning 
water 
Mass balance: 
amount in 
manure solid 
fraction b 
Mass balance: 
amount in 
manure liquid 
fraction b 
Manure solid 
fraction “ex 
segregation”  
Manure 
liquid fraction 
“ex 
segregation”  
Unit 
kg/1 000.0 
kg manure 
"ex- 
animal" 
kg/1 000.0 
kg manure 
"ex- animal" 
kg kg 
kg/1 000.0 kg 
solid fraction 
“ex- 
segregation”  
kg/1 000.0 kg 
liquid fraction 
“ex- 
segregation” 
Total mass 1000.0 237 a 195.4 1041.6 1000.0 1000.0 
DM 74.8 c  - 53.8 21.0 275.2 20.2 
VS 60.7 c  - 46.8 13.9 239.2 13.4 
Carbon (C) 34.46  - 26.6 7.90 135.90 7.59 
Total N 6.00  - 2.5 3.48 12.88 3.34 
Phosphorus (P) 1.21  - 0.96 0.25 4.90 0.24 
Potassium (K) 2.83  - 0.79 2.04 4.05 1.96 
Copper (Cu) 0.031  - 0.03 0.006 0.130 0.005 
Zinc (Zn) 0.091  - 0.07 0.022 0.351 0.021 
a Water for cleaning equipment is assumed to be entirely transferred to the liquid fraction (details, see Hamelin et al., 2014) 
b Calculations based on the efficiencies for the source-segregation in table 4.1. 
c The reference manure composition ex-animal in Hamelin et al. (2014) is slightly different than the reference scenario of this 
study, however, it has no significance for the overall results. This is due to the changed algorithm for calculating CH4 emissions; see 
details in the description of the reference systems (Hamelin et al., 2013b). 
74.8 kg DM per 1000 kg slurry ex-animal in Hamelin et al. (2014)  
74.5 kg DM per 1000 kg slurry ex-animal in the reference slurry for this report 
60.7 kg VS per 1000 kg slurry ex-animal in Hamelin et al. (2014) 
60.4 kg VS per 1000 kg slurry ex-animal in the reference slurry for this report 
All other manure composition data are identical; N, NH4-N, P, Cu, Zn). 
 
 
                                                      
2 Copied from table S50 in section 3.6.1 in the supporting information for Hamelin et al. (2014) 
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4.3 In-house storage of the liquid and solid fractions from the source segregation 
 
After separation, the liquid fraction and solid fraction is stored in-house for less than a week. The 
life cycle inventory data in table 4.3 are based on the same algorithms as in Hamelin et al. (2014)3. 
However, the distribution of TAN between the solid and liquid fraction has been adjusted in this 
study compared to Hamelin et al. (2014) in accordance with improved knowledge. As the 
algorithms for NH3, NOX and N2 emissions are based on the TAN content of the liquid and solid 
fractions these emissions have been changed, using the same algorithms as in Hamelin et al. 
(2014). As the indirect emissions of N2O are based on the NH3 and NOX emissions, this has also 
been changed. In table 4.3, the emissions in the column “Manure “ex-animal” is calculated as the 
weighted sum of the solid and liquid fraction, i.e. 195.4 kg solid fraction and 1041.6 kg liquid 
fraction (according to the mass balances in table 4.2). 
 
Table 4.3 Life cycle inventory data for the in-house storage of the liquid and solid manure 
segregated fractions in-house. 
 Solid fraction “ex 
source-
segregation” 
Liquid fraction "ex 
source-
segregation" 
Manure ex-animal 
Input    
Manure fraction "ex segregation" 1 000 kg 
Solid fraction 
1 000 kg liquid 
fraction 
1000 kg manure 
ex-animal 
Output    
Amount of fraction  "ex housing" 996.7 kg 996.9 kg  
Emission to air    
Carbon dioxide (CO2) 
a 3.24 kg 0.18 kg 0.824 kg 
Methane (CH4) 
a 1.77 kg 0.10 kg 0.450 kg 
Ammonia (NH3-N) 0.87 kg 0.43 kg 0.614 kg 
Nitrous oxide (N2O-N), direct emissions 0.064 kg 0.007 kg 0.020 kg 
Nitrous oxide (N2O-N), indirect emissions 0.0090 kg 0.0043 kg 0.00619 kg 
Nitrogen monoxide (NO-N) (representing total NOx) 0.0279 kg 0.000136 kg 0.00559 kg 
Nitrogen (N2-N) 1.79 kg 0.00874 kg 0.359 kg 
Discharge to soil and water    
 None None None 
a kg CO2 and CH4, not CO2-C and CH4-C as in some of the other tables in this report 
 
 
The mass balances are based the same algorithms as in Hamelin et al. (2014)4. 
 
  
                                                      
3 See detailed descriptions in table S51 in section 3.6.2 in the Supporting Information for Hamelin et al. (2014). 
 
4 The mass balances for the liquid fraction and the solid fraction during in-house storage can be seen in Table S51, S52 
and S53 in section 3.6.2 in the Supporting Information for Hamelin et al. (2014). However, the N balances have been 
adjusted in this study compared to Hamelin et al. (2014) in accordance with the changed emissions of NH3, NOX and N2 
as mentioned above. 
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4.4 Biogas production 
 
At the biogas plant, the solid fraction from the source-segregated pig manure is mixed with the 
untreated pig slurry. The mixture consists of 41.02% untreated pig slurry, and 58.98% solid 
manure from the source-segregation (gravimetrically). The amount of solid fraction and untreated 
pig slurry entering the digester is calculated in order to get a mixture with 10% TS after the first 
digestion step, and with a C/N ratio of maximum 20, as described in Hamelin (2009) and Hamelin 
et al. (2014), where further details can be found. 
 
The composition of the mixture entering the digester and mass balances for the biogas production 
are shown in Hamelin et al. (2014) 5.  
 
The life cycle inventory data for the biogas production process are presented in table 4.4 (based 
on Hamelin et al. (2014)6).  
 
Table 4.4. Life cycle inventory data for process “biogas production” 6 
Input   
Biomass mixture (untreated manure + solid fraction from source-segregated manure) 1 000.0 kg 
Output  
Biogas (65 % CH4 and 35 % CO2) 92.0 kg (i.e. 79.5 Nm
3) 
Digested pig manure 908.0 kg 
Energy consumption  
Electricity 10.27 kWh 
Heat 110.99 MJ 
Emission to air  
Carbon dioxide (CO2)  0.678 kg 
Methane (CH4) 0.3703 kg 
Odour  
Discharge to water and soil  
 None 
 
 
 
As can be seen from table 4.4, the amount of biogas produced from 1 tonne of biomass mixture 
based on untreated manure + solid fraction from source-segregated manure produces 79.5 Nm3 
biogas. 
 
                                                      
5 In table S54 and S55 in the Supporting Information in Hamelin et al. (2014). The N balances have been adjusted in 
this study compared to Hamelin et al. (2014) in accordance with the changed emissions of NH3, NOX and N2 as 
mentioned above. 
 
6 Based on the same algorithms as table S9 in the Supporting information for Hamelin et al. (2014) combined with the 
background Excel sheet for the source-segregation scenario. 
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After the biogas plant, the digested pig manure has the composition shown in table 4.5 (based on 
Hamelin et al. (2014)7. The N balances have been adjusted in this study (compared to Hamelin et 
al., 2014) in accordance with the changed emissions of NH3, NOX and N2 as mentioned above. This 
composition of the digested pig manure “ex biogas plant” is the starting point of the LCA for the 
digested pig manure after the biogas plant (see the objectives in chapter 2 and the blue processes 
in figure 2.2 – 2.5).  
 
Table 4.5. Composition of the digested pig manure after the anaerobic digestion process. 
  Digested pig manure “ex biogas plant” 
Unit kg/1 000 kg digested pig manure 
Total mass 1 000.0 
DM 106.9 
VS 77.1 
Carbon (C) 55.03 
Total N 9.00 
Phosphorus (P) 3.74 
Potassium (K) 3.93 
Copper (Cu) 0.098 
Zinc (Zn) 0.270 
 
  
                                                      
7 Based on table S55 in the Supporting Information in Hamelin et al. (2014). The N balances have been adjusted in this 
study compared to Hamelin et al. (2014) in accordance with the changed emissions of NH3, NOX and N2 as mentioned 
above. 
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4.5 Co-generation of heat and power from biogas 
 
As in Hamelin et al. (2014), it is assumed that the biogas is used for producing heat and power. The 
life cycle inventory data for the biogas engine are identical to the data in Hamelin et al. (2014). 
Table 4.6 are copied from Hamelin et al. (2014) (table S11 in section 3.1.6 in the Supporting 
Information). 
 
Table 4.6 Life cycle inventory for process “co-generation of heat and power from biogas” 
   Comments 
Input 
Biogas (65 % CH4 and 
35 % CO2) 
0.0437 Nm3 
(1 MJ) 
Amount of biogas corresponding to an energy content of 1 MJ:  
1 MJ/22.88 MJ/Nm3 = 0.0437 Nm3 (22.88 MJ/Nm3 is the biogas heat 
value, see Hamlin et al. (2014)) 
Output 
Heat 0.46 MJ The heat efficiency of the biogas engine is 46 %, see Hamelin et al. 
(2014). 
Electricity 0.40 MJ The electricity efficiency of the biogas engine is 40 %, see Hamelin et 
al. (2014). 
Emission to air 
Carbon dioxide (CO2) 8.36×10
-2 kg Nielsen et al. (2009), table 34. 
Carbon monoxide (CO) 3.10×10-4 kg Nielsen et al. (2010), table 19. 
Methane (CH4) 4.34×10
-4 kg Nielsen et al. (2010), table 19. 
Non-methane volatile 
organic compounds 
(NMVOC) 
1.00×10-5 kg Nielsen et al. (2010), table 19. 
Ammonia (NH3)  No data 
Nitrous oxide (N2O) 1.60×10
-6 kg Nielsen et al. (2010), table 19. 
Nitrogen oxides (NOX) 2.02×10
-4 kg Nielsen et al. (2010), table 19. 
Nitrogen monoxide (NO)  No data 
Nitrogen(N2)  No data 
Particulates   
PM10 4.51×10
-7 kg Nielsen et al. (2009), table 65. 
PM2.5 2.06×10
-7 kg Nielsen et al. (2009), table 65. 
Hydrogen sulphide (H2S)  No data 
Sulphur dioxide (SO2) 1.92×10
-5 kg Nielsen et al. (2010), table 33. 
Odour  No data 
Discharge to water and soil 
 None No emissions to water 
Discharge to soil 
 None No emissions to soil 
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4.6 Avoided heat and electricity production 
 
The heat produced by the biogas engine is assumed to replace natural gas, burned in a domestic 
gas boiler, as it is assumed that the biogas plant connected to the district heating grid. The 
Ecoinvent process “Heat, natural gas, at boiler atmospheric low-NOx non-modulating <100kW/RER 
U”, see section 3.1.7 in the Supporting Information for Hamelin et al. (2014). The net amount of 
heat produced per functional unit (FU) is calculated in table 4.7 (following the same principles as in 
Hamelin et al. (2014), section 3.1.7). 
 
As in Hamelin et al. (2014) (section 3.1.8), it is assumed that the marginal electricity in Denmark is 
based on coal (assuming that this is the electricity that will be replaced when producing electricity 
from the biogas). The Ecoinvent process “Electricity, hard coal, at power plant/NORDEL U” has 
been used for the modelling in SimaPro. The net amount of avoided electricity is calculated in 
table 4.7. 
 
Table 4.7. Net heat and electricity production per functional unit (1000 kg pig manure ex-animal) 
Parameter Value Calculations and comments 
Biogas produced, per tonne mixture 79.5 Nm3 A   79.5 Nm3 per 1000 kg biomass mixture (table 4.4) 
Biogas produced per Functional unit (FU) 23.13 Nm3 B = A * amount of pig manure mixture for biogas plant.  
79.5 Nm3 per 1000 kg biomass mixture / 1000 kg * (119.345 
kg untreated pig slurry ex-housing + 171.598 kg solid 
fraction from source-segregated pig manure ex-housing 
(figure 4.1) = 23.13 Nm3 biogas 
Total heat produced, per FU 243.44 MJ C = B * % heat efficiency * MJ/Nm3 biogas   
23.13 Nm3 biogas per FU * 46% heat efficiency * 22.88 
MJ/Nm3 biogas  (From table 4.4 and table 4.6) 
Heat needed for process, per FU 32.29 MJ D = heat needed for process / t mixture * t mixture 110.99 
MJ /t mixture (From table 4.4) * (119.345 kg untreated pig 
slurry ex-housing + 171.598 kg solid fraction from source-
segregated pig manure ex-housing (figure 4.1)  = 32.29 MJ 
Net avoided heat, per FU 214.38 MJ E = C – D*90%  heat used (see Hamelin et al. (2014)  
243.44 MJ – 32.29 MJ * 90% = 214.38 MJ 
Total electricity produced, per FU 211.69 MJ F = B * % electricity efficiency * MJ/Nm3 biogas   
23.13 Nm3 biogas per FU * 40% electricity efficiency * 22.88 
MJ/Nm3 biogas  (From table 4.4 and table 4.6) 
Net avoided electricity, per FU 58.80 kWh G = F / 3.6 MJ per kWh = 211.69 MJ /3.6 MJ per kWh 
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4.7 Outdoor storage of the digested pig manure 
 
4.7.1 CH4 and CO2 emissions 
 
The CH4 emissions are based on the IPCC (2006) algorithms
8, distributed 25% to in-house storage 
and 75% to outdoor storage, see the descriptions of the reference systems in Hamelin et al. 
(2013b). In this scenario, the CH4 emissions are based on the same emission factors as in the 
reference system. However, this report focuses on changes in the manure chain and the purpose 
of the IPCC guidelines is to deliver data for preparing national emission inventories for “status 
quo”. Accordingly, is has been necessary to implement some modifications. 
 
In IPCC (2006), the CH4 emissions during the in-house storage of the pig slurry and during the 
outdoor storage are based on the VS content ex-animal. When the emission factors for the 
outdoor storage are based on the ex-animal VS content, it means that changes to manure handling 
in the housing units will not affect the emissions during the outdoor storage, and that is, of course, 
not correct. In this scenario, there are a lot of changes to the manure composition compared to 
the reference scenario. Thus, an estimate of a CH4 emission factor for the outdoor storage based 
on VS ex-housing rather than VS ex-animal have been established. 
 
Accordingly, the emission factor for the outdoor storage has to be related to the VS content ex-
housing (instead of ex-animal). In order to do this correct, IPCC was contacted. In accordance with 
personal communication with Mr Nalin Srivastava, Technical Support Unit of the IPCC TFI 
(Srivastava, August, 2013) and according to personal communication with Barbara Amon, Leibniz-
Institut für Agrartechnik Potsdam-Bornim e.V., Potsdam, Germany (August, 2013) it was clarified, 
that the IPCC (2006) factors are developed for manure systems, where the manure is stored either 
in-house or outdoor, and these factors are not directly transferrable to systems like the Danish 
system, where the manure first is stored in-house for a period, and after this transferred to an 
outdoor storage. The factors for in-house and outdoor storage should not simply be added, as this 
would lead to a double-counting of the emissions. The reason is that if a significant part of the CH4 
emissions have been emitted in the warm housing units, the CH4 emissions from the following 
outdoor storage will probably be relatively lower.  
 
For the reference scenario, the CH4 emission factors for in-house storage and outdoor storage of 
pig slurry is based on (IPCC, 2006)9 with a MCF (methane conversion factor) factor of 10%, which 
applies for countries with an average annual temperature < 10°C (the average annual temperature 
                                                      
8 2006 IPCC Guidelines for National Greenhouse Gas Inventories Volume 4 Agriculture, Forestry and Other Land Use” – 
Chapter 10: Emissions from Livestock and Manure Management. 
 
9 Table 10.17 on page 10.44 and Table 10.18 on page 10.49 in the updated version from January 2013 of the 2006 IPCC 
Guidelines for National Greenhouse Gas Inventories Volume 4 Agriculture, Forestry and Other Land Use” – Chapter 10: 
Emissions from Livestock and Manure Management.  
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in Denmark is 7.7°C) for a “Liquid/slurry system with natural crust cover” (the crust is here the 
floating layer). The IPCC definition of the “Liquid/slurry storage system” is “Manure is stored as 
excreted or with some minimal addition of water in either tanks or earthen ponds outside the 
animal housing, usually for periods less than one year.” This gives a CH4 emission factor at 
0.0396026 kg CH4/kg VS ex-animal
10, which is, in the reference scenario interpreted as “a 
combined factor for in-house and outdoor storage”. In the reference scenario, this CH4 emission 
factor has been distributed as 25% in-house and 75% to the outdoor storage, both factors based 
on the VS ex-animal (see the descriptions of the reference systems by Hamelin et al (2013b) for 
further details).  
 
In this scenario, the CH4 emission factor for the outdoor storage has been related to the “ex-
housing” VS content of the slurry instead of the “ex-animal” as follows: 
 The “combined” CH4 emission factor for “combined in-house and outdoor storage” in the reference 
scenario is 0.0396026 kg CH4/kg VS ex-animal.  
 CH4 emission factor for housing units (reference scenario): 0.0396026 CH4/kg VS ex-animal * 25% = 
0.00990 CH4/kg VS ex-animal 
 CH4 emission factor for outdoor storage (reference scenario): 0.0396026 CH4/kg VS ex-animal * 
75% = 0.029702 CH4/kg VS ex-animal.  
 CH4 emission factor for outdoor storage related to VS ex-housing instead of VS ex-animal = = 
0.032864 kg CH4/kg VS ex-housing
11 
 
The CO2 emission factor is calculated using the same algorithms as in the reference system, i.e. 
1.83 kg CO2/kg CH4 for pig slurry, as explained in Hamelin (2013)
12. 
 
In addition to this, it has been taken into account that digested biomass has a reduced emission of 
CH4 during the outdoor storage, as the main part of CH4 from the easily degradable VS is emitted 
in the biogas plant (Sommer et al., 2001). The IPCC guidelines contain no description on how to 
include biogas treated slurry.  
 
Denmark’s National Report 2013 (the Emission Inventories 1990-2011, submitted under the 
United Nations Framework Convention on Climate Change and the Kyoto Protocol by Nielsen et al. 
                                                      
10 CH4 emission factor based on IPCC (2006): 0.396026 kg CH4/kg VS ex-animal (CH4 max potential for fattening pig 
manure) * 10% (MCF value) = 0.0396026 kg CH4/kg VS ex-animal. The number of digits does not reflect the precision, 
but are only included as the numbers are used for further calculations. 
 
11 Transfer from per kg VS content ex-animal to per kg VS ex-housing: The values for VS ex-animal and ex-housing are 
taken from the reference system: 0.029702 CH4/kg VS ex-animal (ref system) * 60.363 kg VS/ton manure ex-animal 
(ref system) * 1000 kg manure ex-animal / (54.442 kg VS/ton manure ex-housing (ref system) * 1002.08 kg manure ex-
housing, ref system) = 0.032864 kg CH4/kg VS ex-housing = the ex-housing emission factor for CH4. 
 
12 Section ” 5 CO2: CH4 ratio and calculation of methane potential” in in Hamelin (2013), Appendix D: Supporting 
Information for: Environmental Consequences of Different carbon Alternatives for Increased Manure-Based Biogas), 
page s60-s61. 
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(2013)13), base their calculations on a reduction factor of 40% for CH4 for digested slurry from pigs 
compared to untreated slurry. However, this reduction factor reflects the reduction for the 
combined emissions from the in-house and outdoor storage. Nielsen et al. (2013) base the 
reduction factor on Sommer et al. (2001). 
 
In this LCA for separation of digested manure, the CH4 emissions should be calculated for the 
outdoor storage only, and “per kg VS entering the outdoor storage”. Fortunately, Sommer et al. 
(2001) also states the CH4 emission factors “per kg VS input” (i.e. per kg VS input to the storage). 
According to these, the reduction of the CH4 emissions is in the order of 43% for the outdoor 
storage of digested pig slurry compared to the outdoor storage of non-treated pig slurry, when 
calculating the CH4 emissions per kg VS entering the outdoor storage (i.e. “per kg VS ex-biogas 
plant” and “per kg VS ex housing” for the Biogas scenario and the reference scenario, 
respectively14). It should be emphasized, that there is a significant uncertainty on this estimate 
made by Sommer et al. (2001). 
 
As a rough estimate, a 40% reduction of the CH4 emission potential has been applied as an 
estimate for “reduction caused by digestion at the biogas plant” in this study. A sensitivity analysis 
has been carried out for this rough estimate.  
 
The CH4 emissions are calculated by use of the same algorithms as for the reference system (see 
table 3.2) (corrected with a reduction factor (100-40)% ). 
 
 
4.7.2 N2O emissions 
 
As for CH4 emissions, N2O emissions are based on the IPCC (2006) algorithms. The same problem 
occurs: In the reference scenario, the IPCC (2006) factors are a combined factor that includes 
emissions from the in-house storage and the outdoor storage together, and this factor is based on 
the N ex-animal. In the reference scenario, the N2O emission factor has been distributed as 30% 
in-house and 70% to the outdoor storage; both based on the N ex-animal (see reference system 
for further details). 
 
As for the CH4 emissions, the N2O emissions during outdoor storage should be transferred to “per 
kg N ex-housing”. Thus, an estimate of a N2O emission factor for the outdoor storage based on N 
ex-housing rather than N ex-animal have been established, parallel to the calculations for CH4 in 
section 4.7.1: 
                                                      
13 Nielsen et al. (2013), page 1078, table 11. 
 
14 Sommer et al. (2001), page 52: 
CH4 emissions from the outdoor storage of untreated pig slurry: 0.0388 kg CH4 per kg VS input (= ”ex housing”) 
CH4 emissions from the outdoor storage of digested pig slurry: 0.0221 kg CH4 per kg VS input (= ”ex biogas plant”) 
Reduction: (0.0388-0.0221)/0.0388 = 43% reduction 
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 Combined N2O emission factor based on IPCC (2006) (for housing units PLUS outdoor storage all 
together) 15: 0.005 kg N2O-N per kg N ex-animal. 
 N2O emission factor for housing units: 0.005 kg N2O-N per kg N ex-animal * 30% = 0.0015 kg N2O-N 
per kg N ex-animal. 
 N2O emission factor for outdoor storage: 0.005 kg N2O-N per kg N ex-animal * 70% = 0.0035 kg 
N2O-N per kg N ex-animal.  
 N2O emission factor for outdoor storage, related to ex-housing instead of ex-animal = 0.003983 kg 
N2O-N per kg N ex-housing
16  
 
 
  
                                                      
15 2006 IPCC Guidelines for National Greenhouse Gas Inventories Volume 4 Agriculture, Forestry and Other Land Use” 
– Chapter 10: Emissions from Livestock and Manure Management. IPCC (2006): For liquid/slurry storage, with a 
natural crust: 0.005 kg N2O-N per kg N ex-animal (Chapter 10, table 10.21, page 10.62). 
 
16 Transfer from per kg N content ex-animal to per kg N ex-housing: The values for N ex-animal and ex-housing is taken 
from the reference system, please see the description of this for further details. 0.0035 kg N2O-N per kg N ex-animal * 
6.00 kg N/ton manure ex-animal (ref system) * 1000 kg manure ex-animal / (5.2619 kg N2O-N per kg N ex-housing (ref 
system) * 1002.08 kg manure ex-housing, ref system) = 0.003983 kg N2O-N per kg N ex-housing = the ex-housing 
emission factor for N2O. The number of digits does not reflect the precision, but are only included as the numbers are 
used for further calculations. 
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4.7.3 Life cycle inventory data 
 
The life cycle inventory data for the process “outdoor storage of the digested pig manure” is 
shown in the table below. These are the data entered in SimaPro. 
 
Table 4.8. Life cycle data for the outdoor storage of the digested pig manure 
Input 
Digested pig manure (after 
biogas plant) 
1 000 kg The process is related to 1 000.0 kg digested pig manure (after the 
biogas plant). The emissions are calculated relative to this. 
Water 20 kg Rain water from precipitation. Identical to water addition during the 
outdoor storage of untreated slurry in reference scenario manure, 
see Hamelin (2013b). 
Straw layer 2.5 kg Identical to straw addition during the outdoor storage of untreated 
slurry in reference scenario manure, see Hamelin (2013b). 
Concrete storage structure Included Based on the Ecoinvent process: “Slurry store and processing, 
operation” (300 m3 concrete vessel, average life time 40 years). 
Energy consumption 2.90 kWh Energy for pumping and stirring based on Wesnaes et al. (2009) 
Output 
Digested manure ("ex 
storage") 
1017.54 kg Digested manure leaving the storage. Mass changes due to rain 
water, straw and emissions, see table below. 
Emissions to air 
Carbon dioxide (CO2-C) 
(CO2) 
0.759 kg 
2.782 kg 
Same algorithms as in reference system: 1.83 kg CO2/kg CH4 for pig 
slurry. 
Methane (CH4-C) 
(CH4) 
1.140 kg 
1.520 kg 
 
0.032864 kg CH4/kg VS ex-housing (See section 4.7.1 above) 
kg VS/ton digested pig manure "ex biogas plant" from table 4.5 
* (100-40)%  (reduction factor caused by digestion at the biogas 
plant, see section 4.7.1 above) 
Ammonia (NH3-N) 0.173 kg NH3-N = 2.5 % of the TAN (Damgaard Poulsen (Ed.) (2008), table 9.7 
as for fattening pig slurry) (identical to algorithm used in Hamelin et 
al. (2014). 
TAN = 77% of total N (Applies for digested pig manure, covered by 
straw, based on table 1 in Hansen et al. (2008))  
kg N per 1000 kg digested pig manure from table 4.5 
Direct emissions of Nitrous 
oxide (N2O-N) 
0.0358 kg 0.003983 kg N2O-N per kg N ex-housing (See section 4.7.2 above) 
kg N per 1000 kg digested pig manure ex-biogas plant from table 4.5 
Indirect emissions of Nitrous 
oxide (N2O-N) 
0.00174 kg Indirect emissions due to emissions of ammonia (NH3-N) and 
nitrogen oxides (NOX-N). Based on IPCC (2006b) (table 11.3: for N 
volatilization and re-deposition), 0.01 kg N2O–N per kg (NH3–N + 
NOX–N) volatilised. 
Nitrogen monoxide (NO-N) 
(representing total NOx) 
0.000323 kg 0.0001 kg NO per kg TAN (EMEP-EEA (2009): table 3-9).  
TAN = 77% of total N (table 1 in Hansen et al. (2008))  
14/30 kg NO-N per kg NO 
kg N per 1000 kg digested pig manure from table 4.5 
Nitrogen (N2-N) 0.0208 kg 0.003 kg N2-N per kg TAN (EMEP-EEA (2009): table 3-9)  
 Discharge to soil and water   
 None Assumed to be none, as leakage from storage prohibited in Denmark. 
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4.7.4 Mass balances 
 
Mass balances for the outdoor storage of the digested pig manure can be followed in table 4.9 
below. The composition of the digested pig manure “ex biogas plant” is from table 4.5. The 
changes of the mass balance during storage are in accordance with the emissions from table 4.8. 
 
Table 4.9. Mass balances for the outdoor storage of the digested pig manure 
 
Composition  
kg per ton digested 
pig manure 
 ex-biogas plant  
Mass balance: Change 
during outoor storage  
kg 
Mass balance: Amount 
after storage  
kg 
Composition  
kg per ton digested 
pig manure  
ex-storage" j 
Total mass 1 000.0 +17.54 a 1017.54 1000 
DM 106.9 - 3.22 b 103.68 101.89 
VS 77.1 - 3.22 c 73.88 72.61 
Carbon C 55.03 -0.93 g 54.10 53.17 
Total N 9.00 - 0.219 d 8.78 8.63 
Phosphorus (P) 3.74 + 0.00191 e 3.74 3.68 
Potassium (K) 3.93 + 0.03188 f 3.96 3.89 
Copper (Cu) 0.098 + 0.0000064 h 0.098 0.096 
Zinc (Zn) 0.270 + 0.000098 i 0.270 0.265 
Important: The number of digits does not reflect the precision, but are only included as the numbers are used for 
further calculations 
a Change in total mass: +2.5 kg added straw (as in reference system) + 20.383 kg added water (as in reference system) 
– Change in DM.  
b Change in DM: + DM added by straw (as in the reference system) – DM losses. DM in straw:  850 kg DM/ton straw 
(Møller et al., 2000). DM losses: DM losses are 5% during outdoor storage as for reference system (Poulsen, 2008).  
c Same absolute reduction as DM. 
d Change in Total-N: N from straw (same as reference system) minus emissions of NH3-N, N2O-N, NO-N and N2-N 
(indirect emissions of N2O-N not included). N added by straw: 0.00528 kg N/kg dm: Møller et al. (2000) 
e P from added straw as in reference system. 0.0009 kg P/kg dm: Møller et al. (2000) 
f K from added straw as in reference system. 0.015 kg K/kg dm: Møller et al. (2000) 
g Change in Total-C: C from added straw (same amount as in reference system minus emissions of CO2-C and CH4-C. 
0.4563 kg C/kg DM (Mean value from Biolex database) (www.biolexbase.dk)  
h Cu from added straw as in reference system. 3 mg Cu/kg dm: Møller et al. 2000 
i Zn from added straw as in reference system. 46 mg Zn/kg dm: Møller et al. 2000 
j The manure composition "ex-storage" is calculated relative to the amount after storage, i.e. 1000 kg / 1017.96 as the 
manure is more diluted. 
 
 
4.8 Application to field – digested pig manure 
 
The application to field is based on the same algorithms and methods as for the Reference system, 
see table 3.2. 
 
4.8.1 Danish Fertiliser Legislation 
 
In Denmark, the amount of pig manure is spread according to the content of nitrogen. According 
to EU legislation, manure and degassed plant biomass may only be spread in a quantity equal to 
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maximum 170 kg N per hectare per planning period. The EU Directives are implemented in Danish 
national legislation, which means that 170 kg N per hectare per planning period is also the limit in 
Denmark. However, Denmark’s national legislation exceeds the requirements of EU Directives; for 
manure from pigs and poultry, Danish farmers may only spread a maximum of 140 kg of nitrogen 
in the form of pig slurry or poultry manure per hectare of land, compared to 170 kg in other 
European countries. The 140 kg N per ha is an average for the all the farm area (i.e. the farmer is 
allowed to spread more to some crops provided that he then spreads less to other crops). The 140 
kg N per ha is calculated as the total amount of N in the manure ex-animal. (The Danish 
Environmental Protection Agency (2012), Landbrugsinfo (2007), Landbrug og Fødevarer (2013), 
Ministeriet for Fødevarer, Landbrug og Fiskeri (2013a) and Ministeriet for Fødevarer, Landbrug og 
Fiskeri (2013b)) 
 
The calculations of the N content in the manure are based on the Danish Norm system (Poulsen 
(2008), Poulsen (2011), Poulsen (2012) and Ministeriet for Fødevarer, Landbrug og Fiskeri (2013a)) 
 
In addition to this, the farmers have to calculate a “Nitrogen Fertiliser Quota”, corresponding to 
amount of fertiliser needed by the crop. The “Nitrogen Fertiliser Quota” is calculated by the 
farmers prior to the growth season and reported in annual fertilizer accounts. The Danish Nitrogen 
Fertiliser Quotas are set 10% under the economic optimum for the farmer (in order to minimize 
nitrate leaching). In this report, the Nitrogen Fertiliser Quotas are based on the crop rotation, 
average over 6 years, see section 4.8.2.  
 
 
4.8.2 Crop rotation 
In order to establish the “Nitrogen Fertiliser Quota” and the mass balances for the field, the crop 
rotation is needed. The crop rotation from Hamelin et al. (2014)17 has been used, see table 4.10. 
 
Table 4.10. N, P and K requirements of the 6-year crop rotation on which the manure fractions are 
applied. 
Year Crop N (kg ha-1)a P (kg ha-1)a K (kg ha-1)a 
1 Winter barley 158 21 54 
2 Winter rape 177 30 89 
3 Winter wheat 166 22 66 
4 Winter wheat 166 22 66 
5 Spring barley & catch crop 109 22 45 
6 Spring barley 126 22 45 
Annual average  150 23 61 
a Data for N, P and K requirements are from Danish Ministry of Food, Agriculture and Fisheries (2009). It is further considered that 
catch crops reduce the N norm by 17 kg N ha-1, based on Hamelin et al. (2012). 
 
Accordingly, the “Nitrogen Fertiliser Quota” is 150 kg N per ha.  
 
 
                                                      
17 This table is an identical copy of table S63 from the Supporting information from Hamelin et al. (2014) 
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4.8.3 Fertilizer substitution 
 
The amount of fertilizer substituted by the N, P and K in the digested pig manure is calculated in 
table 4.11 below. The algorithms are the same as for the reference system.  
 
The area needed for spreading 1000 kg manure is calculated based on the Danish law and Danish 
Norm System ((Poulsen (2008), Poulsen (2011), Poulsen (2012) and Ministeriet for Fødevarer, 
Landbrug og Fiskeri (2013a)). According the guidelines from the Ministry of Food, Agriculture and 
Fisheries of Denmark18, the calculations for amount of pig slurry per ha for the “Danish reference 
pig slurry” would be: 1.4 “Animal Units” per ha per planning period * 36 fattening pigs per “Animal 
Unit” * 0.48 ton slurry per fattening pig = 24.19 ton slurry per ha. 
 
As the fattening pig slurry (on partly slatted floor with 25-49% solid floor) contains 5.19 kg N per 
ton slurry ex-storage, this amount corresponds to 125.6 kg N per ha19.  
 
However, the above calculation method can only be used for the reference system. For other 
manure fractions, the calculation has to be based on the upper limit for spreading pig manure for 
fields (140 kg N per ha for pig slurry as mentioned in section 4.8.1 above combined with the 
content of total N in the manure, see equation 1: 
 
Equation 1:   140 kg N per ha / X kg N per ton manure fraction 
 
Accordingly, the amount of digested pig slurry per ha is calculated as: 
140 kg N per ha / 8.63 kg N per ton digested pig slurry = 16.2 ton digested pig slurry per ha. 
 
For the reference system, the use of equation 1 would lead to: 
140 kg N per ha / 5.045 kg N per ton pig slurry 20 = 27.75 kg pig slurry per ha 
This is slightly higher than the amount of pig slurry calculated according the guidelines from the 
Ministry of Food, Agriculture and Fisheries of Denmark above, mainly because the numbers given 
in the guidelines are rounded (0.48 ton slurry per pig). In this study, equation 1 has been used. 
 
Yet, not all the Nitrogen in the pig manure is “plant available”. For pig slurry, the efficiency rate is 
75%, meaning that only 75% of the nitrogen can be taken up by plants, and thus, only these 75% 
                                                      
18 Page 7 and overview no. 15 at page 57 combined with table 7 at page 118, all in Ministeriet for Fødevarer, Landbrug 
og Fiskeri (2011) combined with table on page 2 for fattening pigs on partly slatted floor with 25-49% solid floor in 
Poulsen (2011). Data in the Danish Norm System are changed slightly each year. Data from 2011 chosen in order to 
correspond with the Reference System for the report series. 
 
19 5.19 kg N per ton slurry ex-storage origins from the Norm data by Poulsen (2011) and not the “reference slurry” in 
this report series. The slurry composition ex-animal in this report is identical to the slurry composition ex-animal in 
Poulsen (2007). However, Poulsen only includes emissions of NH3 in the mass balances, and accordingly, the slurry 
composition ex-storage is slightly different.  
 
20 Based on the composition of the reference slurry ex-storage, see table 3.1 in chapter 3 above. 
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actually replaces mineral fertiliser. As a part of the nitrogen in the manure applied to the fields is 
not released during the first year, some of the nitrogen will be available for plant utilisation during 
the following years. This residual effect of manure from previous years is included in the 75%. 
 
As mentioned in the upper limit for spreading pig manure for fields are 140 kg N per ha, however, 
when including the efficiency rate at 75%, these 140 kg N per ha only corresponds to 105 kg “plant 
available” N per ha. 
 
The avoided amounts of mineral N fertilizers are equal to the applied amounts of “plant available 
N”. 
 
The avoided amounts of mineral P fertilizers are equal to the applied amounts of P in the manure,  
unless P is applied in too large amounts, in that case, the avoided amounts of mineral P fertilizer is 
equal to the recommended amounts of P for the crop rotation. It has not been possible to include 
the plant availability of phosphorous in manure in this study. 
 
The same rule applies for K; the avoided amounts are equal to the applied amounts, unless K is 
applied in too large amounts. 
 
Calculations of avoided amounts of N, P and K fertilisers can be seen in table 4.11 below. 
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Table 4.11. Amount of marginal mineral fertilizers avoided (application of digested pig manure to 
field). 
   Units Calculations 
Nutrients content in the manure fraction(s) applied, ex- storage 
Nitrogen (N) 8.630  [kg N/t pig manure ex-storage] A1      (From table 4.9) 
Phosphorous (P) 3.677  [kg P/t pig manure ex-storage] A2      (From table 4.9) 
Potassium (K) 3.894  [kg K/t pig manure ex-storage] A3      (From table 4.9) 
Amount of land needed       
kg N per ha according to rule 140 [kg N / ha] E1      
Amount of manure per ha (calculated as 
1000 kg manure ex-storage) 
16.22 [ton manure fraction / ha] D = E1 / A1          
 
Area (area needed for spreading 1000 
kg manure fraction ex-storage] 
0.0616  [ha / ton manure fraction] B = A1 / E1          
 
Nitrogen - N       
Recommended amount of N for crop 
rotation  
150.3 [kg N / ha] K1     (From table 4.10 above) 
Plant availability of applied N 0.75 [%] C1      (75% according to Danish Law) 
Applied "plant available" N in manure 105.0 [kg N / ha] L1 = A1 * C1 / B 
Avoided N mineral fertilizers 105.0 [kg N / ha] 
 Avoided N mineral fertilizers - per 1000 
kg manure applied 
6.472 [kg N / ton manure applied] N1 = "Avoided N" * B  
Phosphorous - P       
Recommended amount of P for crop 
rotation  
23.2 [kg P / ha] K2      (From table 4.10 above) 
Applied P in manure 59.7 [kg P / ha] L2 = A2 * D 
Avoided P mineral fertilizers 23.2 [kg P / ha] 
 Avoided P mineral fertilizers - per 1000 
kg manure applied 
1.428 [kg P / ton manure applied] N2 = "Avoided P" * B  
Additional calculations for P in order to calculate P leaching: 
P uptake by plants 15.095 [kg P / ha] O2     From table S67 in Supporting information for 
Hamelin et al. (2014) 
P from manure added in excess 
amounts compared to uptake by plants  
44.6 [kg P / ha] R2 = L2 - O2      If 0 < R2,  P is applied in excess amounts 
compared to plant uptake 
P from manure added in excess 
amounts compared to uptake by plants 
- per 1000 kg manure applied 
2.747 [kg P / ton manure applied] S2 = R2 *B 
P leaching, assumed 5% of excess 
amounts - per 1000 kg manure applied 
0.13735 [kg P / ton manure applied] T2 = 0.05 * S2 
Potassium - K       
Recommended amount of K for crop 
rotation  
60.8 [kg K / ha] K3      (From table 4.10 above) 
Applied K in manure 63.2 [kg K / ha] L3 = A3 / B 
Avoided K mineral fertilizers 60.8 [kg K / ha] 
 Avoided K mineral fertilizers - per 1000 
kg manure applied 
3.750 [kg K / ton manure applied] N3 = "Avoided K" * B  
 
 
The identification of marginal fertilizers is explained in section 2.5 in the Supporting Information 
for Hamelin et al. (2014) and the algorithms for fertilizer substitution are based on section 6 in the 
Supporting Information for Hamelin et al. (2014). 
 
The fertilizer substitution is modelled in SimaPro as negative values, as the mineral fertilizers are 
subtracted from the system. Avoided Process (subtracted from the system):  
 Nitrogen fertilizer: Adjusted Ecoinvent process: “Calcium ammonium nitrate, as N, at 
regional storehouse, nitric acid from plant with catalytic tech.” with adjusted nitric acid 
process as described in Hamelin et al. (2014), Supporting Information, section 2.5 and with 
applied emissions from spreading (NH3, N2O, NOX and N leaching).  
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 Phosphorous fertilizer: Ecoinvent process: “Diammonium phosphate, as P2O5, at regional 
storehouse” (see Hamelin et al. (2014), Supporting Information, section 2.5) 
 Potassium fertilizer: Ecoinvent process “Potassium chloride, as K2O, at regional 
storehouse/RER” (see Hamelin et al. (2014), Supporting Information, section 2.5) 
 Included in this is avoided spreading of mineral fertilizers, based on the Ecoinvent process: 
Fertilising by broadcaster / CH U (Wesnæs et al. 2009).  
 
 
4.8.4 Phosphorous and Nitrate leaching 
 
Leaching of N has been calculated by with the N-LES4 model (Kristensen et al., 2008), a 
continuously updated empirical model to predict N leaching from arable land based on 1200 
leaching studies performed in Denmark during the last 15 years.  
 
Losses of P to soil and water is estimated by a rough estimate, assuming that the P leaching 
correspond to 5% of the P applied in excess, based on Hamelin et al. (2011).  (See Algorithm T2 in 
table 4.11 above) 
 
Furthermore, sensitivity analyses for the P leaching have been performed, using a Finish model for 
estimating phosphorus losses (Ekholm et al., 2005). A 10-year simulation was carried out using a P 
calculation model. This P model is used to determine the initial and final phosphorus load. This 
model relates the P surplus (or deficit) in a farm to the edge-of-field losses of algal-available P. 
Based on long-term fertilizer trials, the model first estimates the change in soil-test P of top soil 
with the aid of the soil-surface balance of P. Soil-test P is then used to approximate the 
concentration of dissolved reactive P in surface runoff and drainage flow, as adjusted for different 
P application types. Particulate P is estimated from specific erosion rates for each soil type and a 
bioavailability coefficient of 0.16 was used. 
 
 
4.8.5 Fate of Carbon in manures applied to soil, CO2 and CH4 emissions 
 
Soils have an equilibrium C content which is the result of a balance between inflows (e.g. plant 
matter from above- and below- ground residues, manure, etc.) and outflows (e.g. decomposition, 
erosion, leaching of soluble C, etc.) to the soil pool. If outflows are greater than inflows, soil C 
decreases, while soil C increases if inflows are greater than outflows. Output flows are to a great 
extent determined by climate-specific parameters like temperature and precipitations, where 
higher temperature and moisture favor the soil biota activity (i.e. decomposition). However, any 
change affecting the activity of soil biota (e.g. change in oxygen availability due to soil compaction, 
change in soil pH) will result in greater or smaller decomposition. In this sense, any form of 
agriculture will disturb the soil equilibrium until a new equilibrium is eventually reached after 
many years of constant agricultural practices.  
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When manure is applied to soils, part of the C it contains ends up in the soil C pool, while the rest 
of the C essentially ends up emitted as CO2 to the atmosphere. A given manure handling 
technology involving that more C ends up in the soil C pool (in comparison to the reference 
situation) would thus imply an overall decrease of C ending up in the atmosphere. On the other 
hand, some manure handling technologies could involve that native soil C is lost (if, for example, 
they involve a drastic decrease of C applied to soils in comparison to the reference situation), in 
which case an overall increase of C to the atmosphere would be observed. In order to reflect such 
a balance, an attempt was made in order to model the soil C changes induced as a consequence of 
the different manure management technologies studied within Baltic Manure. 
 
Table 4.12 presents the breakdown considered for the fate of C in the different types of manure 
(with and without treatments) fractions involved in the LCAs performed within Baltic Manure 
(those applied to soil). These values are based on the work of Hamelin et al. (2010; 2014), where 
the dynamic soil C model C-TOOL, developed to calculate the soil carbon dynamics in relation to 
the Danish commitments to UNFCCC, was used. This model is parameterized and validated against 
long-term field experiments conducted in Denmark, UK and Sweden. Further description of the C-
TOOL model is given in Petersen et al. (2002) and Petersen (2010). As opposed to many different 
soil C models, C-TOOL does not only consider the topsoil, but the whole 0-100 cm profile. The 
values presented in Table 4.12 should be seen as rough estimates, these could of course be 
improved by a country-specific breakdown based on each country soil’s properties. However, 
these estimates allow reflecting the complete C balance. The use of results from C-TOOL in 
manure LCAs are described in Hamelin et al. (2014)21 and Wesnæs et al. (2009)22. 
 
Table 4.12. Breakdown of the applied C from the different manure types between the atmosphere 
and soil pool 
Description of the applied material CO2-C, as a % of the C 
applied  (from manure 
ex-storage) 
C ending up in the soil C 
pool, as a % of the C 
applied  (from manure 
ex-storage) 
Raw slurry (pig and dairy) 95% 5% 
Digestate (mono-digestion) 100% 0% 
Digestate (co-digestion with solid fraction or solid manure) 90% 10% 
Digestate (co-digestion with grass) 85% 15% 
Solid manure (raw; pig, horse and broiler) 75% 25% 
Solid fraction, from separation (of raw manure and/or digestate) 80% 20% 
Liquid fraction (from source-segregation and from separation of 
both raw manure and digestate) 
100% 0% 
 
 
The CH4 emissions on the field are assumed negligible, as the formation of CH4 requires an an-
aerobic environment, which is, under normal conditions, not the case in the top soil. 
                                                      
21 in section ”8 Digestates‘ carbon fate” in Hamelin (2014), Appendix D: Supporting Information for: Environmental 
Consequences of Different carbon Alternatives for Increased Manure-Based Biogas), page s67. 
 
22 In Appendix A, section A.5.2 Emissions of CH4 and CO2 and sectrion A.5.5 Nitrogen leaching 
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4.8.6 Life cycle inventory data 
 
The life cycle inventory data for field application of digested pig manure is shown in table 4.13. 
These are the data entered in SimaPro.  
 
Table 4.13. Life inventory data for field application of digested pig manure 
 All emissions 
per 1 000 kg digested 
pig manure  
ex-storage 
Comments 
Input   
Digested pig manure 
"ex-storage" 
1 000 kg The input to this process is 1 000.0 kg digested pig manure “ex- 
storage”. The emissions are calculated relative to this. 
Output  Manure on field 
N, P and K in manure Included N, P and K fertilizer replaced, see table 4.11.  Including spreading 
Energy consumption   
 Included Transport and spreading of manure included. Ecoinvent process: 
Slurry spreading, by vacuum tanker / CH U used for spreading. 
Emission to air   
Carbon dioxide (CO2) 47.9 kg CO2-C 
i.e. 175.5 kg CO2 
Based on Danish C-TOOL model, see section 4.8.5 
Methane (CH4) 0 kg CH4 The CH4 emissions on the field are assumed to be negligible. 
Ammonia (NH3-N), at 
very moment of 
application 
 
0.0341 kg NH3-N Ammonia emissions at very moment of application. Same algorithms 
as for reference system: 0.5% of TAN ex-storage for trail hose 
application (Hansen, 2008) and TAN = 79% of total N (Hamelin 2010, 
Annex F, section F.7.3) 8.01 kg N per 1000 kg liquid fraction (table 5.6) 
Ammonia (NH3-N) 1.036 kg NH3-N Ammonia emissions in the period after application. Same algorithms 
as for reference system: 12% of N applied i.e. N ex-storage. (Hansen et 
al., 2008). 
Nitrous oxide (N2O-N),  
direct emissions 
0.0518 kg N2O-N 
 
Same algorithms as for reference system: 0.01 kg N2O-N per kg N  
IPCC (2006) emission factor, for any organic amendment. Reduction 
factor: 40% (i.e. 100-40 = 60% remaining) for digested manure 
(Nielsen et al., 2009, table 6.17 page 267) (In accordance with 
algorithm used in Hamelin et al. (2014) for spreading of digestate) 
Nitrous oxide (N2O-N),  
indirect emissions 
0.0107 kg N2O-N 
 
Indirect emission from volatilization, same algorithms as in reference 
system: 0.010 kg N2O-N per kg NH3-N + 0.010 kg N2O-N per kg NOX-N 
volatilized (IPCC, 2006). 
Nitrous oxide (N2O-N),  
indirect emissions 
0.0294 kg N2O-N 
 
Indirect emission from leaching. Algorithms as in reference system. 
From N leaching: 0.0075 kg N2O-N per kg N leaching (IPCC, 2006). 
Nitrogen monoxide 
(NO-N) (representing 
total NOx) 
0.00518 kg NO-N Algorithm as in reference system: NOX–N = 0.1 * direct N2O-N 
(Nemecek and Kägi, 2007) 
 
Discharge to water   
Nitrate leaching 3.92 kg N Nitrate leaching to water. Based on N-LES4 model Kristensen et al. 
(2008), see description for reference system (Hamelin et al., 2013b). 
Phosphorous leaching 0.137 kg P 
0.0222 kg P 
a) Rough estimate: 5% of surplus P, see table 4.11 above 
b) Modelled by use of an empirical model (relating P balance and P 
loading)" (Ekhom et al., 2005). 0.60% of P in manure ex-storage 
Discharge to soil   
Copper (Cu) 0.0963 100% of the Cu in the manure applied. 
Zinc (Zn) 0.265 100% of the Zn in the manure applied. 
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4.9 Outdoor storage of the liquid fraction (from source-segregated pig manure) 
 
After the short in-house storage of the liquid fraction from the source-segregated pig manure, it is 
stored outdoor in the same way as non-treated slurry in the reference system, i.e. in a concrete 
tank, covered with straw. As the composition of the liquid fraction from the source-segregated pig 
manure is different than the un-treated pig slurry, the emissions from the outdoor storage is not 
the same as for untreated pig slurry from the reference system. 
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4.9.1 Life cycle inventory data 
 
The life cycle data for the outdoor storage of the liquid fraction (from source-segregated pig 
manure) is shown in Table 4.14 below. The CH4 and N2O emissions are slightly changed compared 
to Hamelin et al. (2014) due to the algorithms used in this report regarding distributing the IPCC 
(2006) between the in-housing units and the outdoor storage, as described in section 4.7.1 and 
section 4.7.2. 
 
Table 4.14. Life cycle data for the outdoor storage of the liquid fraction (from source-segregated 
pig manure 
    Comments 
Input 
Liquid fraction from source-
segregation "ex housing" 
1 000 kg The process is related to 1 000.0 kg liquid fraction from the source-
segregated manure, however after in-house storage, i.e."ex-
housing". The emissions are calculated relative to this. 
Water 20 kg Rain water from precipitation. Identical to water addition during the 
outdoor storage of untreated slurry in reference scenario manure, 
see Hamelin (2013b). 
Straw layer 2.5 kg Identical to straw addition during the outdoor storage of untreated 
slurry in reference scenario manure, see Hamelin (2013b). 
Concrete storage structure Included Based on the Ecoinvent process: “Slurry store and processing, 
operation” (300 m3 concrete vessel, average life time 40 years). 
Energy consumption   
 2.90 kWh Energy for pumping and stirring based on Wesnaes et al. (2009) 
Output 
Liquid fraction ("ex storage") 1019.4 kg 
 
Liquid fraction leaving the storage. Mass changes due to rain water, 
straw and emissions. 
Emissions to air 
Carbon dioxide (CO2-C) 
(CO2) 
0.212 kg 
(0.776 kg) 
Same algorithms as in reference system: 1.83 kg CO2/kg CH4 for pig 
slurry. 
Methane (CH4-C) 
(CH4) 
0.318 kg 
(0.424 kg) 
0.032864 kg CH4/kg VS ex-housing (See section 4.7.1 above) 
kg VS/ton liquid fraction “ex-housing” from table 4.15 below 
Ammonia (NH3-N) 0.0450 NH3-N = 2.5 % of TAN  (Poulsen (2008) (table 9.7: fattening pig slurry)  
TAN (rough estimate, no data accurate available): 87% of total N 
kg N per ton liquid fraction ex-housing (table 4.15 below) 
Direct emissions of Nitrous 
oxide (N2O-N) 
0.01157 0.003983 kg N2O-N per kg N ex-housing (See section 4.7.2 above)  
kg N per ton liquid fraction ex-housing (table 4.15 below) 
Indirect emissions of Nitrous 
oxide (N2O-N) 
0.000451 Indirect emissions due to emissions of ammonia (NH3-N) and 
nitrogen oxides (NOx-N). Based on IPCC (2006b) (table 11.3: for N 
volatilization and re-deposition), 0.01 kg N2O–N per kg (NH3–N + 
NOX–N) volatilised. 
Nitrogen monoxide (NO-N) 
(representing total NOx) 
0.0000840 0.0001 kg NO per kg TAN (EMEP-EEA (2009): table 3-9 )  
TAN (rough estimate, no data accurate available): 87% of total N 
kg N per ton liquid fraction ex-housing (table 4.15 below) 
14/30 kg NO-N per kg NO  
Nitrogen (N2-N) 0.00540 0.003 kg N2-N per kg TAN (EMEP-EEA (2009): table 3-9)  
 Discharge to soil and water   
 None Assumed to be none, as leakage from storage prohibited in Denmark. 
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4.9.2 Mass balances 
 
The mass balances for the outdoor storage of the liquid fraction from source-segregation (shown 
in table 4.15) are based on the emissions shown in table 4.14.  
 
Table 4.15. Mass balance of the liquid fraction before and after outdoor storage. 
  
Manure liquid 
fraction “ex 
housing”  
Mass balance: Change 
during storage 
Mass balance: Amount 
after storage 
Manure liquid 
fraction "ex 
storage"  
Unit 
kg/1000 kg manure 
liquid fraction “ex 
housing”  
kg kg 
kg/1000 kg manure 
liquid fraction "ex 
storage" 
Total mass 1000 19.4 a 1019.393 1000 
DM 19.8 -0.59 b 19.21 18.84 
VS 12.9 -0.59 c 12.31 12.07 
Carbon (C) 7.47 -0.53 d 6.94 6.81 
Total N 2.90 -0.062 d 2.84 2.79 
Phosphorus (P) 0.24 No change 0.24 0.24 
Potassium (K) 1.96 No change 1.96 1.92 
Copper (Cu) 0.005 No change 0.005 0.005 
Zinc (Zn) 0.021 No change 0.021 0.021 
a Same water addition as for the reference system, minus DM loss (given below);  
b The change is calculated as a sum of N and C losses; the authors acknowledge that the value is underestimated, 
but this rough assumption was allowed as the value is irrelevant in the further life cycle stages; 
c Estimated as equal to DM (all DM losses were VS); 
d Change in Total-N: Emissions of NH3-N, N2O-N, NO-N and N2-N (indirect emissions of N2O-N not included). 
Change in Total-C: Emissions of CO2-C and CH4-C. 
 
 
4.10 Application to field - the liquid fraction (from source-segregated pig manure) 
 
4.10.1 Fertilizer substitution 
 
The amount of fertilizer substituted by the N, P and K in the liquid fraction (from source-
segregated pig manure) is based on the same assumptions and algorithms as in section 4.8.3. The 
fertilizer substitution is modelled in SimaPro as negative values, as the mineral fertilizers are 
subtracted from the system.  
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Table 4.16. Amount of marginal mineral fertilizers avoided liquid fraction (from source-segregated 
pig manure) 
 
   Units Calculation 
Nutrients content in the manure fraction(s) applied, ex- storage 
Nitrogen (N) 2.788  [kg N/t pig manure ex-storage] A1      (From table 4.14) 
Phosphorous (P) 0.235  [kg P/t pig manure ex-storage] A2      (From table 4.14) 
Potassium (K) 1.923  [kg K/t pig manure ex-storage] A3      (From table 4.14) 
Amount of land needed       
kg N per ha according to rule 140 [kg N / ha] E1      
Amount of manure per ha (calculated as 
1000 kg manure ex-storage) 
50.21 [ton manure fraction / ha] D = E1 / A1          
Area (area needed for spreading 1000 
kg manure fraction ex-storage] 
0.0199  [ha / ton manure fraction] B = A1 / E1          
Nitrogen - N       
Recommended amount of N for crop 
rotation  
150.3 [kg N / ha] K1     (From table 4.10 above) 
Plant availability of applied N 0.75 [%] C1      (75% according to Danish Law) 
Applied "plant available" N in manure 105.0 [kg N / ha] L1 = A1 * C1 / B 
Avoided N mineral fertilizers 105.0 [kg N / ha] 
 Avoided N mineral fertilizers - per 1000 
kg manure applied 
2.091 [kg N / ton manure applied] N1 = "Avoided N" * B  
Phosphorous - P       
Recommended amount of P for crop 
rotation  
23.2 [kg P / ha] K2      (From table 4.10 above) 
Applied P in manure 11.8 [kg P / ha] L2 = A2 * D 
Avoided P mineral fertilizers 11.8 [kg P / ha] 
 Avoided P mineral fertilizers - per 1000 
kg manure applied 
0.235 [kg P / ton manure applied] N2 = "Avoided P" * B  
Additional calculations for P in order to calculate P leaching: 
P uptake by plants 15.095 [kg P / ha] O2     From table S67 in Supporting information for 
Hamelin et al. (2014) 
P from manure added in excess 
amounts compared to uptake by plants  
No excess 
amounts 
[kg P / ha] R2 = L2 - O2      If 0 < R2,  P is applied in excess amounts 
compared to plant uptake 
P from manure added in excess 
amounts compared to uptake by plants 
- per 1000 kg manure applied 
No excess 
amounts 
[kg P / ton manure applied] S2 = R2 *B 
P leaching, assumed 5% of excess 
amounts - per 1000 kg manure applied 
No excess 
amounts 
[kg P / ton manure applied] T2 = 0.05 * S2 
Potassium - K       
Recommended amount of K for crop 
rotation  
60.8 [kg K / ha] K3      (From table 4.10 above) 
Applied K in manure 96.5 [kg K / ha] L3 = A3 / B 
Avoided K mineral fertilizers 60.8 [kg K / ha] 
 Avoided K mineral fertilizers - per 1000 
kg manure applied 
1.212 [kg K / ton manure applied] N3 = "Avoided K" * B  
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4.10.2 Life cycle inventory data 
 
The life cycle inventory data for field application of liquid fraction (from source-segregated pig 
manure) is shown in table 4.17. These are the data entered in SimaPro.  
 
Table 4.17. Life inventory data for field application of liquid fraction (from source-segregated pig 
manure) 
 All emissions 
per 1 000 kg liquid 
fraction  
ex-storage 
Comments 
Input   
Manure "ex-storage" 1 000 kg The input to this process is 1 000.0 kg source-segregated pig manure 
“ex- storage”. The emissions are calculated relative to this. 
Output  Manure on field 
N, P and K in manure Included N, P and K fertilizer replaced, see table 4.19.  Including spreading 
Energy consumption   
 Included Transport and spreading of manure included. Ecoinvent process: 
Slurry spreading, by vacuum tanker / CH U used for spreading. 
Emission to air   
Carbon dioxide (CO2) 6.81 kg CO2-C 
i.e. 24.96 kg CO2 
Based on Danish C-TOOL model, see section 4.8.5 
Methane (CH4) 0 kg CH4 The CH4 emissions on the field are assumed to be negligible. 
Ammonia (NH3-N), at 
very moment of 
application 
 
0.0110 kg NH3-N Ammonia emissions at very moment of application. Same algorithms 
as for reference system: 0.5% of TAN ex-storage for trail hose 
application (Hansen, 2008) and TAN = 79% of total N (Hamelin 2010, 
Annex F, section F.7.3)  
Ammonia (NH3-N) 0.167 kg NH3-N Ammonia emissions in the period after application. Same algorithms 
as for reference system: 12% of N applied i.e. N ex-storage. (Hansen et 
al., 2008). Reduced by 50% (see details in Hamelin 2010, Annex F, 
section F.7.3). 
Nitrous oxide (N2O-N),  
direct emissions 
0.0279 kg N2O-N 
 
Same algorithms as for reference system: 0.01 kg N2O-N per kg N  
IPCC (2006) emission factor, for any organic amendment.  
Nitrous oxide (N2O-N),  
indirect emissions 
0.00181 kg N2O-N 
 
Indirect emission from volatilization, same algorithms as in reference 
system: 0.010 kg N2O-N per kg NH3-N + 0.010 kg N2O-N per kg NOX-N 
volatilized (IPCC, 2006). 
Nitrous oxide (N2O-N),  
indirect emissions 
0.00983 kg N2O-N 
 
Indirect emission from leaching. Algorithms as in reference system. 
From N leaching: 0.0075 kg N2O-N per kg N leaching (IPCC, 2006). 
Nitrogen monoxide 
(NO-N) (representing 
total NOx) 
0.00279 kg NO-N Algorithm as in reference system: NOX–N = 0.1 * direct N2O-N 
(Nemecek and Kägi, 2007) 
 
Discharge to water   
Nitrate leaching 1.31 kg N Nitrate leaching to water. Based on N-LES4 model Kristensen et al. 
(2008), see description for reference system (Hamelin et al., 2013b). 
Phosphorous leaching No surplus 
0.0014 kg P 
A) Rough estimate: 5% of surplus P, see table 4.19 
B) Modelled by use of an empirical model (relating P balance and P 
loading)" (Ekhom et al., 2005). 
Discharge to soil   
Copper (Cu) 0.00490 100% of the Cu in the manure applied. 
Zinc (Zn) 0.0206 100% of the Zn in the manure applied. 
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4.11 Main mass flows 
 
The main balances for all the manure fractions are shown in figure 4.1 below. The changes in mass 
are due to emissions and addition of water and straw. The mass flows are based on the mass 
balances in all the mass balance tables in this chapter. 
 
Figure 4.1 Mass flows in the “Source-segregation and Biogas” Scenario. 
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4.12 Energy for stirring and pumping 
 
Table 4.18 shows the energy consumption for stirring and pumping for all processes. 
 
Table 4.18. Energy consumption for stirring and pumping for all processes in the “Source-
segregation and Biogas” Scenario. 
 
Manure fraction and process 
Comments 
In-house storage of untreated pig 
slurry before biogas production 
 
The energy consumption for stirring in the pre-tank before pumping (1.2 kWh 
per 1000 kg pig slurry) and for pumping from the pre-tank to the outdoor 
storage (0.5 kWh per 1000 kg pig slurry), based on Wesnæs et al. (2009) table 
A.10). 1.7 kWh per 1000 kg pig slurry. 
In-house storage of liquid fraction 
from source-segregation 
As above, 1.7 kWh per 1000 kg liquid fraction. 
In-house storage of solid fraction from 
source-segregation 
Moving the solid fraction from the housing units to the outdoor storage. 
Included, modelled by the use of the Ecoinvent process “Fodder loading, by self-
loading trailer/CH U” 
Outdoor storage of the liquid fraction 
(from source-segregated pig manure) 
The energy consumption for stirring (when straw is added) and pumping (before 
application to the field). 2.9 kWh per 1000 kg (Wesnæs et al., 2009) 
Outdoor storage of the digested 
manure 
As above, 2.9 kWh per 1000 kg. 
 
 
4.13 Transport 
 
Transport included in the system is shown in table 4.19. All transports are modelled by use of the 
Ecoinvent process “Transport, lorry >32t, EURO3”. Transport distances are based on Hamelin et al. 
(2009). The transport of the digested fibre fraction is significantly longer than the others (100 km), 
as the reason for separating the digested biomass is to transport the fibre fraction to an 
agricultural area where a fertilizer rich in P is needed. It is assumed 100 km (by truck). 
 
Table 4.19. All transports in the “Source-segregation and Biogas” Scenario. 
Manure fraction Amount per  
Functional Unit  
[kg per FU] 
Distance 
[km] 
Transport from and 
to 
Comment 
Pig slurry, untreated, ”ex-
housing” (to biogas plant) 
119.3 kg 5 km From farm to 
 Biogas Plant 
(Hamelin et al. (2009), Annex F, 
section F.13) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Solid fraction from source-
segregation ”ex-housing” 
(to biogas plant) 
171.6 kg 10.6 km From farm to 
 Biogas Plant 
(Hamelin et al. (2009), Annex F, 
section F.9) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Liquid fraction from source-
segregation ”ex-storage” 
934.9 kg 10 km From farm to field (Hamelin et al. (2009), Annex F, 
section F.6) Ecoinvent process 
“Transport, tractor and trailer”  
Digested pig manure ex-
biogas plant 
264.2 kg 5 km 
 
From Biogas plant to 
farm 
(Hamelin et al. (2009), Annex F, 
section F.24) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Digested pig manure ex-
storage 
268.8 kg 10 km From farm to field (Hamelin et al. (2009), Annex F, 
section F.26) Ecoinvent process 
“Transport, tractor and trailer” 
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5 Life Cycle Inventory data for Separation of Digested Fattening Pig Slurry 
 
The first processes in the “Source-segregation, Biogas and Separation after the biogas plant” 
Scenario are identical to the “Source-segregation and Biogas” Scenario until right after the biogas 
plant. This can be seen when comparing the system boundaries in figure 2.2 and figure 2.4 in 
chapter 2 – only the blue processes are different (the black processes are identical).  
 
Accordingly, the Life Cycle Inventory data from chapter 4 also applies for this chapter and these 
has not been repeated (i.e. from section 4.1 to 4.6 (i.e. all life cycle steps from ex-animal until right 
after the biogas plant) and 4.9 and 4.10 (i.e. the storage and field application of the liquid fraction 
from the source-segregated pig manure).  
 
Hence, this chapter starts with the composition of the digested pig manure after the biogas plant 
in section 4.4, covering the processes shown in figure 2.5 (i.e. the blue processes in figure 2.4). 
 
 
5.1 Separation of digested pig manure (decanter centrifuge) 
 
5.1.1 Separation technology 
 
Numerous separation technologies exist today. Each separation technology has advantages and 
disadvantages (investment, running costs, simple/complex technology, feasibility regarding 
physical and chemical properties of the specific manure etc.) in addition to differences regarding 
the separation efficiencies. Hjorth et al. (2009) gathered information for an extensive review of 
separation technologies for slurry from pigs and cows. In the section about solid-liquid separation 
without addition of chemicals, Hjorth et al. (2009) state: “At present, the most efficient solid–liquid 
mechanical separators for the removal of DM, P and, to some extent, total N and NH+4 , can be 
ranked in the following order: centrifuge > sedimentation > filtration without pressure > filtration 
with pressure.”. Furthermore, Hjorth et al. (2009) conclude: “Of the above-mentioned solid–liquid 
separation techniques, the decanter centrifuge is the most efficient in retaining P and at the same 
time producing a DM-rich fraction low in water. In addition, this technique may produce a liquid 
fraction with a N:P:K ratio similar to the N:P:K requirements of the crop.” 
 
As the objective of this study is to optimize phosphorous utilization, separation by the use of a 
decanter centrifuge has been chosen. 
 
Hjorth et al. (2009) point out that the addition of multivalent ions (e.g. Al2(SO4)3, Fe2(SO4)3 FeCl3 , 
CaCl2) and polymers (e.g. polyacrylamide, PAM) and combinations of these, increases the 
separation efficiencies significantly. However, the monomers of PAM (or the organic components 
produced during degradation of the polymers) can be toxic, and there is a need for further studies 
on the long term effects of applying manure containing PAM to agricultural area year after year 
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(Hjorth et al., 2009 and Hamelin et al., 2011)23. Also, the environmental consequences of applying 
multivalent ions should also be considered (Hjorth et al., 2009). In this study, it has not been 
possible to include the toxicity of neither PAM, the organic components produced during 
degradation of the polymers nor the wide range of multivalent ions. Instead, it has been decided 
to base the LCA on a separation without use of addition of chemicals. 
 
In conclusion, the separation technology used for separating the digested manure after the biogas 
plant is based on separation by use of a decanter centrifuge without addition of chemicals. Danish 
conditions and technologies has been applied, see next section. 
 
 
5.1.2 Separation efficiencies 
 
In this study, the separation efficiency is defined as the amount that ends in the solid fraction, 
which is identical to the separation index recommended by Hjorth (2009), i.e.: 
  
Separation efficiency = 
mass of component X in solid fraction after separation 
mass of component X in digested biomass before separation 
 
Separation efficiencies from various references are shown in table 5.1 below. All data applies for 
decanter centrifuges without addition of chemicals. The Dry Matter (DM) content of the slurry 
before separation has been included for each reference in order to compare with the DM content 
of the digested manure in this report (which is 10.69% according to table 4.5). The DM before 
separation in this report is higher than the DM for the pig manure and digested pig manure 
samples shown in table 5.1. In Møller et al. (2007b)24 the separation efficiencies are plotted 
against the DM content of the slurry before the separation, and from this it appears that higher 
DM in the slurry before the separation leads to higher separation efficiencies. Thus, it is assumed 
that it is reasonable to use the separation efficiencies in table 5.1 for the digested pig manure in 
this report (and the values can be regarded as “minimum values” – it is likely that they are even 
higher). 
 
 
  
                                                      
23 In the Supporting Information for Hamelin et al. (2011), section 13. “Cationic Polyacrylamide Polymer (PAM)” 
24 Figure 3 in Møller et al. (2007b) shows the ratios of weight, DM, TP, TN, Cd, Cu and Zn transferred from the manure 
to the solid fraction by centrifugation are presented as plots of DM content in untreated slurry. 
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Table 5.1. Separation efficiencies for separation of digested biomass (decanter centrifuges, no 
additives).  
Separated manure type 
Including the DM 
content before 
separation 
Solid 
fraction  
(% mass) 
DM 
[%] 
VS 
[%] 
Total N 
[%] 
NH4-N 
[%] 
Total P 
[%] 
K 
[%] 
Cu 
[%] 
 
Zn 
[%] 
Pig manure, fattening 
pigs, 5.1% DM a 
9.2 51.1  16.6 9.8 70.5 8.4 23.7  
Pig manure, optimised 
separation, 6.8% DM b 
18.7 69.7  28.9 21.0 83.1 17.9 37.6  
Pig manure, optimised 
separation, 8.9% DM b 
21.8 69.4  33.5 22.3 87.2 33.0 36.2  
Pig manure, 1.9-2.3 % 
DM c 
4-5   16-17  76-78    
Pig manure, 4.41% DM d 
 
11 60.9  21.2 14.6 66.2 9.7   
Pig manure, DM not 
stated e 
   18-28  60-70    
Pig manure, 6-10% DM f 
 
 >30%  35%  75% 15%   
Digested pig manure, 
6.06% DM g 
13.7 59.8  28.2  70.1  57.4 69.8 
Digested pig manure, 
6.53% DM g 
14.1 63.0  25.8  71.0  39.7 44.3 
Digested pig manure, 
3.2% DM a 
4.3 47.5  13.4 6.0 62.6 5.1 31.7  
Digested biomass, 
mixture of pig, cattle 
and mink 4.85% DM h 
12 63 68 25 20 72 12   
Used in this study for 
the “basic scenario” 
(10.69% DM) 
12 63 68 25 20 72 12 39.7 44.3 
Sensitivity analysis 
(“best values”) 
21.8 69.4 69.4 33.5 22.3 87.2 33.0 57.4 69.8 
a Møller et al. (2007a). A Kemira Miljoe separator. 
b Møller et al. (2007a) includes a range of experiments with various G-force and weir plate diameter. The values 
represented here is the “best in the range”, i.e. optimised for optimal P efficiency in order to use this for the 
sensitivity analysis, illustrating “best available technology for a future scenario”. A Kemira Miljoe separator. 
c Grauman et al. (2009). GEA Westfalia Decanter Centrifuge. 
d Frandsen (2009) 
e Danish Environmental Protection Agency (2010) 
f GEA Westfalia Separator Group GmbH (2013). Information from the producer of a decanter centrifuge 
g Møller et al. (2007b) 
h Frandsen (2010) and Tellerup (2010). Digested biomass based on a mixture of pig slurry, cattle slurry and mink 
slurry. Verification report by DANETV (Danish Centre for Verification of Climate and Environmental Technologies) for a 
GEA Westfalia Decanter Centrifuge. 
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The separation efficiencies in this study is based on data for separation of digested biomass from a 
verification report for a GEA Westfalia UCA 501-00-02 for post-treatment of digested biomass 
(Frandsen, 2010 and Tellerup, 2010)25 combined with data from Møller et al. (2007b). Data from 
Frandsen (2010) and Tellerup (2010) have been chosen, as these data represent separation 
efficiencies for digested biomass (rather than raw pig manure), data are based on full-scale on a 
commercial centralised biogas plant under normal operational conditions, the results are regarded 
as the high quality data, these data has a high compliance with the results from the other 
references, and it contains separation efficiencies for most of the parameters needed in this 
report. It should be mentioned, that the digested biomass in Frandsen (2010) and Tellerup (2010) 
is based on a mixture of pig manure, cattle manure and mink manure, not digested pig manure 
only, however, it is assumed that the separation efficiencies can be transferred from this mixture 
to the pig manure mixture needed for this report. According to the producer, the GEA Westfalia 
decanter centrifuge is designed for handling animal slurries in the range of 4-10% DM (GEA 
Westfalia Separator Group GmbH (2013) (data from the producer is shown in table 5.1). 
 
The sensitivity analysis is based on the “best results” from a range of experiments, performed by 
Møller et al. (2007a), as this is assumed to illustrate the “best available technology for a future 
scenario”, in spite of that these experiments are performed for separation of raw pig slurry, not 
separation of digested biomass. As the initial DM of the digested pig manure in this report 
(10.69%) is close to (slightly higher than) the DM of the pig manure sample in Møller et al. (2007a), 
is assumed to be realistic to use these separation efficiencies for a “future scenario”. 
 
 
  
                                                      
25 Verification report by DANETV (Danish Centre for Verification of Climate and Environmental Technologies) for a GEA 
Westfalia Decanter Centrifuge. 
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5.1.3 Mass balances 
 
The mass balances for the separation is shown in table 5.2.   
 
Table 5.2. Mass balances for the separation of digested biomass 
 Amount in 
digested 
biomass 
BEFORE 
separation a 
Separation 
efficiency (i.e. 
% transferred 
to fibre 
fraction) b 
Mass  
Balance: 
Amount 
transferred to 
the fibre 
fraction c 
Mass  
Balance: 
Amount 
transferred to 
the liquid 
fraction d 
Composition 
of the fibre 
fraction 
AFTER 
separation e 
Composition 
of the liquid 
fraction 
AFTER 
separation e 
 [kg per 1000 
kg digested 
biomass] 
[%] [per 1000 kg 
digested 
biomass] 
[per 1000 kg 
digested 
biomass] 
[per 1000 kg 
fibre fraction] 
[per 1000 kg 
liquid 
fraction] 
Total mass 1000 kg 
digested 
biomass 
12% 120 880 1000 kg fibre 
fraction 
1000 kg liquid 
fraction 
DM 106.9 63% 67.35 39.55 561.23 44.95 
VS 77.1 68% 52.43 24.67 436.90 28.04 
Carbon (C) 55.03 68% h 37.42 17.61 311.84 20.01 
Total-N 9.00 25% 2.25 6.75 18.75 7.67 
NH4-N 7.75 g 20% 1.55 6.20 12.92 7.05 
Total-P 3.74 72% 2.69 1.05 22.44 1.19 
Potassium (K) 3.93 12% 0.472 3.458 3.930 3.930 
Copper (Cu) 0.098 39.7% 0.0389 0.0591 0.3242 0.0672 
Zink (Zn) 0.270 44.3% 0.120 0.150 0.997 0.171 
a The composition of the digested biomass BEFORE the separation is taken from table 4.5 from the column “Digestate 
ex-biogas plant”. 
b from table 4.9 
c Calculation: Amount in digested biomass BEFORE separation * separation efficiency [in %] /100 
d Calculation: Amount in digested biomass BEFORE separation * (100 - separation efficiency [in %]) / 100 
e Calculation: Amount in Fibre fraction * 1000 / 120 kg 
f Calculation: Amount in Liquid fraction * 1000 / 880 kg 
g NH4-N = 77% of total-N for digested manure (According to table 1 in Hansen et al. (2008))  
h No data available. Assumed to be identical to separation index for VS. 
 
 
5.1.4 Energy consumption 
 
The electricity consumption for the separation is 1.67 kWh per ton separated digested biomass 
(input) with a capacity of 13.72 tons of input digested biomass treated per hour (Frandsen, 2010) 
by the use of a GEA Westfalia Decanter Centrifuge and a biomass with 4.85% DM before 
separation.  
 
Frandsen (2009) reports an electricity consumption for a GEA Westfalia Decanter Centrifuge at 
2.45 kWh per m3 pig slurry separated at a separation rate of 5 m3 per hour, and an electricity 
consumption of 1.86 kWh per m3 pig slurry separated at a separation rate of 7 m3 per hour. The 
pig slurry contained 4.41% DM before separation. 
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The BAT recommendations by the Danish Environmental Protection Agency (2010) states an 
average electricity consumption by the decanter centrifuge at 2.5 kWh per ton separated slurry.  
 
Flotats et al. (2009) reports the energy consumption by centrifuges at 2.0-4.0 kWh/m3 of input 
manure. 
 
The separation efficiencies in this study applies for the separation of digested biomass, separated 
by a GEA Westfalia Decanter Centrifuge, based on the verification report for GEA Westfalia 
Decanter Centrifuge by Frandsen (2010). However, as the DM content of the digested pig manure 
in this report is almost twice as high as the DM of the digested biomass in Frandsen (2010), the 
energy consumption for the separation is probably higher. Accordingly, in this study, the electricity 
consumption by the decanter centrifuge is assumed to be 2.5 kWh per ton separated slurry (the 
average value from the Danish Environmental Protection Agency (2010)). 
 
A sensitivity analysis has been carried out; using the 1.67 kWh per ton digested biomass separated 
as stated by Frandsen (2010). 
 
The electricity is modelled in SimaPro as described in the main report. Furthermore, a sensitivity 
analysis with different assumptions for the marginal electricity production has been carried out. 
 
 
5.1.5 Material consumption 
 
The material consumption for the separation equipment is shown in table 5.3. As the results from 
Wesnæs et al. (2009) has shown that the material consumption for the separation equipment is 
not significant for the overall results, a rough estimate for this has been used, based on the expert 
estimates for a mechanical separation by a screw press in Wesnæs et al. (2009), Annex C. 
 
Table 5.3. Material consumption for separation equipment, per 1000 kg separated biomass. 
Materials 
Weight of 
material in plant 
Estimated life 
time 
Amount of slurry 
per year 
Amount of slurry 
in a life time 
Weight 
   [kg per plant]   
[m3 slurry per 
year] 
[m3 slurry in a life 
time] 
[per 1000 kg 
slurry] 
Steel in container 2 300 kg 30 years 15000 m3 / y 450000 m3 5 g 
Steel in compressor 2 700 kg 30 years 15000 m3 / y 450000 m3 6 g 
Copper in cables 10.5 kg 30 years 15000 m3 / y 450000 m3 0.023 g 
Electronics 
0.5 kg -Assumed 
as 0.5 laptops 
5 years 15000 m3 / y 75000 m3 6.67 E-6 laptops 
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5.1.6 Emissions 
 
Data for emissions of NH3, N2O, CH4 and CO2 during the separation have not been available.  
According to the Environmental Protection Agency (2010), the emissions of NH3 during separation 
are probably limited as the decanter centrifuge is normally enclosed (closed system). 
 
 
5.1.7 Life cycle inventory data for separation of digested biomass 
 
In table 5.4 below, the life inventory data for the process “Separation of digested biomass” is 
shown. The data in table 4.2 are the data entered in SimaPro. 
  
Table 5.4. Life cycle inventory data for the process “Separation of digested biomass process“ 
 All emissions 
per 1 000 kg digested 
biomass  
 
Comments 
Input   
Digested biomass  1 000 kg The input to this process is 1 000.0 kg digested biomass. 
Output   
Solid fraction 120 kg See table 5.2 above. 
Liquid fraction 880 kg   
Energy consumption   
 +2.5 kWh Electricity for separation by the Decanter Centrifuge. 
Material consumption   
Separator equipment included See table 5.3 
Emissions to air   
 No data available  
Discharge to water   
 None Assumed to be zero, as leakages from housing systems are prohibited 
in Denmark 
Discharge to soil   
 None Assumed to be zero, as leakages from housing systems are prohibited 
in Denmark 
 
 
 
5.2 Outdoor storage of the liquid fraction (from decanter centrifuge separation of digested 
biomass) 
 
After separation of the digested biomass, the liquid fraction is stored just as as untreated slurry in 
the reference scenario, i.e. in an outdoor concrete tank covered with a floating layer consisting of 
straw. The emissions for the outdoor storage of the liquid fraction are based on the same 
assumptions and algorithms as for the storage of the (non-separated) digested pig manure, see 
section 4.7. 
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5.2.1 Life cycle inventory data 
 
The life cycle inventory data for the process “outdoor storage of the liquid fraction” is shown in 
table 5.5. These are the data entered in SimaPro. 
 
Table 5.5. Life cycle data for the outdoor storage of the liquid fraction (from Decanter Centrifuge 
separation of the digested manure after the biogas plant) 
Input 
Liquid fraction from 
separation of the digested 
manure (after biogas plant) 
1 000 kg The process is related to 1 000.0 kg liquid fraction from the 
separation of the digested pig manure after the biogas plant, i.e."ex-
separation". The emissions are calculated relative to this. 
Water 20 kg Rain water from precipitation. Identical to water addition during the 
outdoor storage of untreated slurry in reference scenario manure, 
see Hamelin (2013b). 
Straw layer 2.5 kg Identical to straw addition during the outdoor storage of untreated 
slurry in reference scenario manure, see Hamelin (2013b). 
Concrete storage structure Included Based on the Ecoinvent process: “Slurry store and processing, 
operation” (300 m3 concrete vessel, average life time 40 years). 
Energy consumption   
 2.90 kWh Energy for pumping and stirring based on Wesnaes et al. (2009) 
Output 
Liquid fraction ("ex storage") 1020.64 Liquid fraction leaving the storage. Mass changes due to rain water, 
straw and emissions (table 5.6) 
Emissions to air 
Carbon dioxide (CO2-C) 
(CO2) 
0.276 kg 
(1.012 kg) 
Same algorithms as in reference system: 1.83 kg CO2/kg CH4 for pig 
slurry. 
Methane (CH4-C) 
(CH4) 
0.415 kg 
(0.553 kg) 
See text in section 4.7.1 above. 0.032864 kg CH4/kg VS ex-housing 
* 28.04 kg VS/ton liquid fraction (table 5.2) * (100-40)%  (reduction 
factor caused by digestion at the biogas plant) 
Ammonia (NH3-N) 0.158 kg NH3-N = 2.5 % of the TAN (Damgaard Poulsen (Ed.) (2008), table 9.7 
as for fattening pig slurry as for reference scenario 
TAN ex-storage from table 5.2 above 
Direct emissions of Nitrous 
oxide (N2O-N) 
0.031 kg 0.003983 kg N2O-N per kg N ex-housing (See section 4.7.2 above) 
kg N per 1000 kg liquid fraction from table 5.2 above 
Indirect emissions of Nitrous 
oxide (N2O-N) 
0.00158 kg Indirect emissions due to emissions of ammonia (NH3-N) and 
nitrogen oxides (NOX-N). Based on IPCC (2006b) (table 11.3: for N 
volatilization and re-deposition), 0.01 kg N2O–N per kg (NH3–N + 
NOX–N) volatilised. 
Nitrogen monoxide (NO-N) 
(representing total NOX) 
0.000294 kg 0.0001 kg NO per kg TAN (EMEP-EEA (2009): table 3-9). 
14/30 kg NO-N per kg NO 
TAN ex-storage from table 5.2 above 
Nitrogen (N2-N) 0.0189 kg 0.003 kg N2-N per kg TAN (EMEP-EEA (2009): table 3-9) 
TAN ex-storage from table 5.2 above 
 Discharge to soil and water   
 None Assumed to be none, as leakage from storage prohibited in Denmark 
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5.2.2 Mass balances 
 
Mass balances for the process can be followed in table 5.6. The composition of the liquid fraction 
“ex-separation” is from table 5.2. The changes of the mass balance during storage are in 
accordance with the emissions from table 5.5. 
 
Table 5.6. Mass balances for the outdoor storage of the liquid fraction (from separation of the 
digested manure after the biogas plant) 
 
Composition  
kg per ton liquid 
fraction 
 ex-separation  
Mass balance: Change 
during outoor storage  
kg 
Mass balance: Amount 
after storage  
kg 
Composition  
kg per ton liquid 
fraction  
ex-storage" j 
Total mass 1 000 +20.64 a 1020.64 1 000 
DM 44.95 - 0.12 b 44.82 43.92 
VS 28.04 - 0.12 c 27.91 27.35 
Carbon (C) 20.01 +0.279 g 20.29 19.88 
Total N 7.67 - 0.196 d 7.47 7.32 
Phosphorus (P) 1.19 + 0.00191 e 1.19 1.17 
Potassium (K) 3.93 + 0.03188 f 3.96 3.88 
Copper (Cu) 0.067 + 0.0000064 h 0.067 0.066 
Zinc (Zn) 0.171 + 0.000098 i 0.171 0.168 
Important: The number of digits does not reflect the precision, but are only included as the numbers are used for 
further calculations 
a Change in total mass: +2.5 kg added straw (as in reference system) + 20.383 kg added water (as in reference system) 
minus Change in DM.  
b Change in DM: + DM added by straw (as in the reference system) minus DM losses. DM in straw: 850 kg DM/ton 
straw (Møller et al., 2000). DM losses are 5% during outdoor storage as for reference system (Poulsen, 2008).  
c Same absolute reduction as DM. 
d Change in Total-N: N from straw (same as reference system) minus emissions of NH3-N, N2O-N, NO-N and N2-N 
(indirect emissions of N2O-N not included). N added by straw: 0.00528 kg N/kg dm: Møller et al. (2000) 
e P from added straw as in reference system. 0.0009 kg P/kg dm: Møller et al. (2000) 
f K from added straw as in reference system. 0.015 kg K/kg dm: Møller et al. (2000) 
g Change in Total-C: C from added straw (same amount as in reference system minus emissions of CO2-C and CH4-C. 
0.4563 kg C/kg DM (Mean value from Biolex database) (www.biolexbase.dk)  
h Cu from added straw as in reference system. 3 mg Cu/kg dm: Møller et al. 2000 
i Zn from added straw as in reference system. 46 mg Zn/kg dm: Møller et al. 2000 
j The manure composition "ex-storage" is calculated relative to the amount after storage, i.e. 1000 kg / 1020.64 as the 
manure is more diluted. 
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5.3 Application to field - liquid fraction (from decanter centrifuge separation of digested 
biomass) 
 
5.3.1 Fertilizer substitution 
 
The amount of fertilizer substituted by the N, P and K in the liquid fraction (from decanter 
centrifuge separation of digested biomass) is based on the same assumptions and algorithms as in 
section 4.8.3. 
 
Table 5.7. Amount of marginal mineral fertilizers avoided liquid fraction (from decanter centrifuge 
separation of digested biomass) 
   Units Calculations 
Nutrients content in the manure fraction(s) applied, ex- storage 
Nitrogen (N) 7.323  [kg N/t pig manure ex-storage] A1      (From table 5.6) 
Phosphorous (P) 1.168  [kg P/t pig manure ex-storage] A2      (From table 5.6) 
Potassium (K) 3.882  [kg K/t pig manure ex-storage] A3      (From table 5.6) 
Amount of land needed       
kg N per ha according to rule 140 [kg N / ha] E1      
Amount of manure per ha (calculated as 
1000 kg manure ex-storage) 
19.12  [ton manure fraction / ha] D = E1 / A1          
Area (area needed for spreading 1000 
kg manure fraction ex-storage] 
0.0523  [ha / ton manure fraction] B = A1 / E1          
Nitrogen - N       
Recommended amount of N for crop 
rotation  
150.3 [kg N / ha] K1     (From table 4.10 above) 
Plant availability of applied N 0.75 [%] C1      (75% according to Danish Law) 
Applied "plant available" N in manure 105.0 [kg N / ha] L1 = A1 * C1 / B 
Avoided N mineral fertilizers 105.0 [kg N / ha] 
 Avoided N mineral fertilizers - per 1000 
kg manure applied 
5.492 [kg N / ton manure applied] N1 = "Avoided N" * B  
Phosphorous - P       
Recommended amount of P for crop 
rotation  
23.2 [kg P / ha] K2      (From table 4.10 above) 
Applied P in manure 22.3 [kg P / ha] L2 = A2 * D 
Avoided P mineral fertilizers 22.3 [kg P / ha] 
 Avoided P mineral fertilizers - per 1000 
kg manure applied 
1.168 [kg P / ton manure applied] N2 = "Avoided P" * B  
Additional calculations for P in order to calculate P leaching: 
P uptake by plants 15.095 [kg P / ha] O2     From table S67 in Supporting information for 
Hamelin et al. (2014) 
P from manure added in excess 
amounts compared to uptake by plants  
7.2 [kg P / ha] R2 = L2 - O2      If 0 < R2,  P is applied in excess amounts 
compared to plant uptake 
P from manure added in excess 
amounts compared to uptake by plants 
- per 1000 kg manure applied 
0.378 [kg P / ton manure applied] S2 = R2 *B 
P leaching, assumed 5% of excess 
amounts - per 1000 kg manure applied 
0.01891 [kg P / ton manure applied] T2 = 0.05 * S2 
Potassium - K       
Recommended amount of K for crop 
rotation  
60.8 [kg K / ha] K3      (From table 4.10 above) 
Applied K in manure 74.2 [kg K / ha] L3 = A3 / B 
Avoided K mineral fertilizers 60.8 [kg K / ha] 
 Avoided K mineral fertilizers - per 1000 
kg manure applied 
3.182 [kg K / ton manure applied] N3 = "Avoided K" * B  
 
The fertilizer substitution is modelled in SimaPro as negative values, as the mineral fertilizers are 
subtracted from the system. Avoided Processes (subtracted from the system) are described in 
section 4.8.3. 
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5.3.2 Life cycle inventory data 
 
The life cycle inventory data for field application of liquid fraction (from decanter centrifuge 
separation of digested biomass) is shown in table 5.8. These are the data entered in SimaPro.  
 
Table 5.8. Life inventory data for field application of liquid fraction (from decanter centrifuge 
separation of digested biomass) 
 All emissions 
per 1 000 kg liquid 
fraction  
ex-storage 
Comments 
Input   
Manure "ex-storage" 1 000 kg The input to this process is 1 000.0 kg liquid fraction “ex- storage”. 
The emissions are calculated relative to this. 
Output  Manure on field 
N, P and K in manure Included N, P and K fertilizer replaced, see table 5.7.  Including spreading 
Energy consumption   
 Included Transport and spreading of manure included. Ecoinvent process: 
Slurry spreading, by vacuum tanker / CH U used for spreading 
Emission to air   
Carbon dioxide (CO2) 19.88 kg CO2-C 
i.e. 72.89 kg CO2 
Based on Danish C-TOOL model, see section 4.8.5 
Methane (CH4) 0 kg CH4 The CH4 emissions on the field are assumed to be negligible. 
Ammonia (NH3-N), at 
very moment of 
application 
 
0.0289 kg NH3-N NH3 emissions at very moment of application. Same algorithms as for 
reference system: 0.5% of TAN ex-storage for trail hose application 
(Hansen, 2008) and TAN = 79% of total N (Hamelin 2010, Annex F, 
section F.7.3) kg N per 1000 kg liquid fraction from table 5.6 above. 
Ammonia (NH3-N) 0.439 kg NH3-N NH3 emissions in the period after application. Same algorithms as for 
reference system: 12% of N applied i.e. N ex-storage. (Hansen et al., 
2008). Reduced by 50% (see details in Hamelin 2010, Annex F, section 
F.7.3). 
Nitrous oxide (N2O-N),  
direct emissions 
0.0439 kg N2O-N 
 
Same algorithms as for reference system: 0.01 kg N2O-N per kg N  
IPCC (2006) emission factor, for any organic amendment. Reduction 
factor: 40% (i.e. 100-40 = 60% remaining) for digested manure 
(Nielsen et al., 2009, table 6.17 page 267) (In accordance with 
algorithm used in Hamelin et al. (2014) for spreading of digestate) 
Nitrous oxide (N2O-N),  
indirect emissions 
0.0047 kg N2O-N 
 
Indirect emission from volatilization, same algorithms as in reference 
system: 0.010 kg N2O-N per kg NH3-N + 0.010 kg N2O-N per kg NOX-N 
volatilized (IPCC, 2006). 
Nitrous oxide (N2O-N),  
indirect emissions 
0.0258 kg N2O-N 
 
Indirect emission from leaching. Algorithms as in reference system. 
From N leaching: 0.0075 kg N2O-N per kg N leaching (IPCC, 2006). 
Nitrogen monoxide 
(NO-N) (representing 
total NOx) 
0.00439 kg NO-N Algorithm as in reference system: NOX–N = 0.1 * direct N2O-N 
(Nemecek and Kägi, 2007) 
 
Discharge to water   
Nitrate leaching 3.44 kg N Nitrate leaching to water. Based on N-LES4 model Kristensen et al. 
(2008), see description for reference system (Hamelin et al., 2013b). 
Phosphorous leaching 0.0189 kg P 
0.0068 kg P 
A) Rough estimate: 5% of surplus P, see table 5.7 
B) Modelled by use of an empirical model (relating P balance and P 
loading)" (Ekhom et al., 2005). 
Discharge to soil   
Copper (Cu) 0.066 100% of the Cu in the manure applied. 
Zinc (Zn) 0.168 100% of the Zn in the manure applied. 
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5.4 Outdoor storage of the solid fraction (from decanter centrifuge separation of digested 
biomass) 
 
After the separation of the digested pig manure, the degassed fibre fraction is stored outdoor. 
It is assumed that this outdoor storage takes place in a covered heap on a concrete slab. A detailed 
description can be found in Annex F, section F.21 in Hamelin et al. (2009). Material consumption 
for the storage and emissions during storage are based on Hamelin et al. (2009) (Annex F, section 
F.21). 
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5.4.1 Life cycle inventory data 
 
The life cycle inventory data for the process “outdoor storage of the solid fraction” is shown in 
table 5.9. These are the data entered in SimaPro. 
 
Table 5.9. Life cycle data for the outdoor storage of the solid fraction (from separation of the 
digested manure after the biogas plant) 
    Comments 
Input 
Solid fraction from 
separation of the digested 
manure (after biogas plant) 
1 000 kg The process is related to 1 000.0 kg solid fraction from the separation 
of the digested manure (after the biogas plant). The emissions are 
calculated relative to this. 
Water None No water, assumed that the cover is tight. 
Storage structure Included Based on the Annex F, section F.21 in Hamelin et al. (2009) 
Output 
Solid fraction ("ex storage") 987.58 Solid fraction leaving the storage. Mass changes due to emissions. 
Emissions to air 
Carbon dioxide (CO2-C) 
(CO2) 
5.925 kg 
21.725 kg 
CO2-C = 1.9 % of C in degassed fibre fraction ex-separation (Hamelin 
et al. (2009), Annex F, section F.21) 
311.84 kg C per 1 000 fibre fraction (table 5.2) 
12/44 kg CO2-C per kg CO2 
Methane (CH4-C) 
(CH4) 
0.530 kg 
0.707 kg 
CH4-C = 0.17 % of C in degassed fibre fraction ex-separation (Hamelin 
et al. (2009), Annex F, section F.21) 
311.84 kg C per 1 000 fibre fraction (table 5.2) 
12/16 kg CH4-C per kg CH4 
Ammonia (NH3-N) 2.438 kg NH3-N = 13 % of total N in fibre fraction ex-separation (table 3 and 
section 6.6.1 in Hansen et al. (2008) 
kg N-total in fibre fraction from table 5.2 above 
Direct emissions of Nitrous 
oxide (N2O-N) 
0.0075 kg N2O-N = 0.04 % of total N in fibre fraction ex-separation (Hamelin et 
al. (2009), Annex F, section F.21) 
kg N-total in fibre fraction from table 5.2 above 
Indirect emissions of Nitrous 
oxide (N2O-N) 
0.0249 kg Indirect emissions due to emissions of ammonia (NH3-N) and 
nitrogen oxides (NOX-N). Based on IPCC (2006b) (table 11.3: for N 
volatilization and re-deposition), 0.01 kg N2O–N per kg (NH3–N + 
NOX–N) volatilised. 
Nitrogen monoxide (NO-N) 
(representing total NOX) 
0.0539 kg 0.01 kg NO per kg TAN (EMEP-EEA (2009): table 3-9 ) 
TAN from table 5.2 above.   
14/30 kg NO-N per kg NO 
Nitrogen (N2-N) 3.465 kg 0.3 kg N2-N per kg TAN (EMEP-EEA (2009): table 3-9) 
TAN from table 5.2 above.   
 Discharge to soil and water   
 None Assumed to be insignificant, at the heaps are coved 
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5.4.2 Mass balances 
 
Mass balances for the process can be followed in table 5.10. The composition of the solid fraction 
“ex-separation” is from table 5.2. The changes of the mass balance during storage are in 
accordance with the emissions from table 5.9. 
 
Table 5.10. Mass balances for the outdoor storage of the solid fraction (from separation of the 
digested manure after the biogas plant) 
 
Composition  
kg per ton fibre 
fraction 
 ex-separation a 
Mass balance: Change 
during outoor storage  
kg 
Mass balance: Amount 
after storage  
kg 
Manure composition  
kg per ton fibre 
fraction  
ex-storage" f 
Total mass 1 000 -12.419 b 987.581 1000 
DM 561.23 -6.455 c 554.77 561.75 
VS 436.90 -6.455 
c 430.44 435.86 
Carbon (C) 311.84 -6.455 e 305.38 309.22 
Total N 18.75 - 5.964 d 12.79 12.95 
Phosphorus (P) 22.44 0 22.44 22.72 
Potassium (K) 3.930 0 3.93 3.98 
Copper (Cu) 0.3242 0 0.3242 0.328 
Zinc (Zn) 0.99675 0 0.99675 1.009 
Important: The number of digits does not reflect the precision, but are only included as the numbers are used for 
further calculations 
a Composition of fibre fraction from table 5.2 
b Change in total mass assumed to be same as reduction of C + N 
c Change in DM and VS assumed to be identical to loss of C 
d Change in Total-N = emissions of NH3-N, N2O-N, NO-N and N2-N (indirect emissions of N2O-N not included).  
e Change in Total-C = emissions of CO2-C and CH4-C. 
f The manure composition "ex-housing" is calculated relative to the amount after storage, i.e. 1000 kg / 986.872 kg. 
 
 
5.5 Application to field - solid fraction (from decanter centrifuge separation of digested biomass) 
 
As described in section 2, the goal of this report is to investigate the options for optimizing the 
utilizing of the phosphorous resources from digested biomass from biogas plants. If the digested 
biomass is separated after the biogas plant, the solid fraction contains the main part of the 
phosphorous (P), and hence, this can be transported to agricultural areas with P deficiency/need. 
This is the life cycle step where the “optimal P utilization” takes place. 
 
 
5.5.1 Fertilizer substitution 
 
The amount of fertilizer substituted by the N, P and K in the solid fraction (from decanter 
centrifuge separation of digested biomass) is based on the same assumptions and algorithms as in 
section 4.8.3, except that it is assumed that the phosphorous content of the solid fraction is 
analysed and used for applying the solid fraction to a field needing additional P. Accordingly, the 
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amount of solid fraction applied per hectare is based on the P content in an amount corresponding 
the amounts of P recommended for the crop rotation. 
 
The fertilizer substitution is modelled in SimaPro as negative values, as the mineral fertilizers are 
subtracted from the system. Avoided Processes (subtracted from the system) are described in 
section 4.8.3. 
 
Table 5.11. Amount of marginal mineral fertilizers avoided solid fraction (from decanter centrifuge 
separation of digested biomass) 
   Units Calculations 
Nutrients content in the manure fraction(s) applied, ex- storage 
Nitrogen (N) 12.947  [kg N/t pig manure ex-storage] A1      (From table 5.10) 
Phosphorous (P) 22.722  [kg P/t pig manure ex-storage] A2      (From table 5.10) 
Potassium (K) 3.979  [kg K/t pig manure ex-storage] A3      (From table 5.10) 
Amount of land needed       
kg P per ha according to rule 23.2 [kg P / ha] E2     (From table 4.10 above) 
Amount of manure per ha (calculated as 
1000 kg manure ex-storage) 
1.02  [ton manure fraction / ha] D = E2 / A2          
Area (area needed for spreading 1000 
kg manure fraction ex-storage] 
0.9808  [ha / ton manure fraction] B = A2 / E2          
Nitrogen - N       
Recommended amount of N for crop 
rotation  
150.3 [kg N / ha] K1     (From table 4.10 above) 
Plant availability of applied N 0.75 [%] C1      (75% according to Danish Law) 
Applied "plant available" N in manure 9.9 [kg N / ha] L1 = A1 * C1 / B 
Avoided N mineral fertilizers 9.9 [kg N / ha] 
 Avoided N mineral fertilizers - per 1000 
kg manure applied 
9.710 [kg N / ton manure applied] N1 = "Avoided N" * B  
Phosphorous - P       
Recommended amount of P for crop 
rotation  
23.2 [kg P / ha] K2      (From table 4.10 above) 
Applied P in manure 23.2 [kg P / ha] L2 = A2 * D 
Avoided P mineral fertilizers 23.2 [kg P / ha] 
 Avoided P mineral fertilizers - per 1000 
kg manure applied 
22.722 [kg P / ton manure applied] N2 = "Avoided P" * B  
Additional calculations for P in order to calculate P leaching:  
P uptake by plants 15.095 [kg P / ha] O2     From table S67 in Supporting information for 
Hamelin et al. (2014) 
P from manure added in excess 
amounts compared to uptake by plants  
8.1 [kg P / ha] R2 = L2 - O2      If 0 < R2,  P is applied in excess amounts 
compared to plant uptake 
P from manure added in excess 
amounts compared to uptake by plants 
- per 1000 kg manure applied 
7.917 [kg P / ton manure applied] S2 = R2 *B 
P leaching, assumed 5% of excess 
amounts - per 1000 kg manure applied 
0.39584 [kg P / ton manure applied] T2 = 0.05 * S2 
Potassium - K       
Recommended amount of K for crop 
rotation  
60.8 [kg K / ha] K3      (From table 4.10 above) 
Applied K in manure 4.1 [kg K / ha] L3 = A3 / B 
Avoided K mineral fertilizers 4.1 [kg K / ha] 
 Avoided K mineral fertilizers - per 1000 
kg manure applied 
3.979 [kg K / ton manure applied] N3 = "Avoided K" * B  
 
 
  
 
 
 
  
61 
 
 
The project is partly financed by the European Union -  
European Regional Development Fund 
 
 
5.5.2 Life cycle inventory data 
 
The life cycle inventory data for field application of solid fraction (from decanter centrifuge 
separation of digested biomass) is shown in table 5.12. These are the data entered in SimaPro.  
 
Table 5.12. Life inventory data for field application of solid fraction (from decanter centrifuge 
separation of digested biomass) 
 All emissions 
per 1 000 kg solid 
fraction  
ex-storage 
Comments 
Input   
Manure "ex-storage" 1 000 kg The input to this process is 1 000.0 kg solid fraction “ex-storage”. The 
emissions are calculated relative to this. 
Output  Manure on field 
N, P and K in manure Included N, P and K fertilizer replaced, see table 5.11. Including spreading 
Energy consumption   
  Transport and spreading of manure included. Ecoinvent process: 
Slurry spreading, by vacuum tanker / CH U used for spreading. 
Emission to air    
Carbon dioxide (CO2) 247.4 kg CO2-C 
i.e. 907.1 kg CO2 
Based on Danish C-TOOL model, see section 4.8.5 
Methane (CH4) 0 kg CH4-C The CH4 emissions on the field are assumed to be negligible. 
Ammonia (NH3-N) 1.295 kg NH3-N NH3 emissions estimated as 40 % of the NH4-N applied. The NH3-N is 
assumed to be 25 % of the N content of the degassed fibre fraction ex-
storage (Hamelin et al. (2010), Annex F, section F.23.11).  
kg N per 1000 kg fibre fraction from table 5.10 
Nitrous oxide (N2O-N),  
direct emissions 
0.129 kg N2O-N 
 
Same algorithms as for reference system: 0.01 kg N2O-N per kg N  
IPCC (2006) emission factor, for any organic amendment.  
Nitrous oxide (N2O-N),  
indirect emissions 
0.0131 kg N2O-N 
 
Indirect emission from volatilization, same algorithms as in reference 
system: 0.010 kg N2O-N per kg NH3-N + 0.010 kg N2O-N per kg NOX-N 
volatilized (IPCC, 2006). 
Nitrous oxide (N2O-N),  
indirect emissions 
0.0407 kg N2O-N 
 
Indirect emission from leaching. Algorithms as in reference system. 
From N leaching: 0.0075 kg N2O-N per kg N leaching (IPCC, 2006). 
Nitrogen monoxide 
(NO-N) (representing 
total NOx) 
0.0129 kg NO-N Algorithm as in reference system: NOX–N = 0.1 * direct N2O-N 
(Nemecek and Kägi, 2007) 
 
Discharge to water   
Nitrate leaching 5.43 kg N Nitrate leaching to water. Based on N-LES4 model Kristensen et al. 
(2008), see description for reference system (Hamelin et al., 2013b). 
Phosphorous leaching 0.396 kg P 
0.137 kg P 
A) Rough estimate: 5% of surplus P, see table 5.11 
B) Modelled by use of an empirical model (relating P balance and P 
loading)" (Ekhom et al., 2005). 
Discharge to soil   
Copper (Cu) 0.328 100% of the Cu in the manure applied. 
Zinc (Zn) 1.009 100% of the Zn in the manure applied. 
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5.6 Main mass flows 
 
The main balances for all the manure fractions are shown in figure 5.1 below. The changes in mass 
are due to emissions and addition of water and straw. The mass flows are based on the mass 
balances in all the mass balance tables in this chapter. 
 
Figure 5.1 Mass flows in the “Source-segregation, Biogas and Separation after the biogas plant” 
Scenario. 
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5.7 Energy for stirring and pumping 
 
Table 5.13 shows the energy consumption for stirring and pumping for all processes. 
 
Table 5.13. Energy consumption for stirring and pumping for all processes in “Source-segregation, 
Biogas and Separation after the biogas plant” Scenario. 
Manure fraction and process Comments 
In-house storage of untreated pig 
slurry before biogas production 
 
The energy consumption for stirring in the pre-tank before pumping (1.2 kWh 
per 1000 kg pig slurry) and for pumping from the pre-tank to the outdoor 
storage (0.5 kWh per 1000 kg pig slurry), based on Wesnæs et al. (2009) table 
A.10). 1.7 kWh per 1000 kg pig slurry. 
In-house storage of liquid fraction 
from source-segregation 
As above, 1.7 kWh per 1000 kg liquid fraction. 
In-house storage of solid fraction from 
source-segregation 
Moving the solid fraction from the housing units to the outdoor storage. 
Included, modelled by the use of the Ecoinvent process “Fodder loading, by self-
loading trailer/CH U” 
Outdoor storage of the liquid fraction 
(from source-segregated pig manure) 
The energy consumption for stirring (when straw is added) and pumping (before 
application to the field). 2.9 kWh per 1000 kg. Wesnæs et al. (2009) 
Outdoor storage of the liquid fraction 
(from separation of digested biomass) 
As above, 2.9 kWh per 1000 kg. 
Outdoor storage of the solid fraction 
(from separation of digested biomass) 
Moving the solid fraction from the separation site to the outdoor storage. 
Included, modelled by the use of the Ecoinvent process “Fodder loading, by self-
loading trailer/CH U” 
 
 
5.8 Transport 
 
Transport included in the system is shown in table 5.14. All transports are modelled by use of the 
Ecoinvent process “Transport, lorry >32t, EURO3”. Transport distances are based on Hamelin et al. 
(2009). The transport of the digested fibre fraction is significantly longer than the others (100 km), 
as the reason for separating the digested biomass is to transport the fibre fraction to an 
agricultural area where a fertilizer rich in P is needed. It is assumed 100 km (by truck). 
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Table 5.14. All transports in the “Source-segregation, Biogas and Separation after the biogas plant” 
Scenario. 
Manure fraction Amount per  
Functional Unit  
[kg per FU] 
Distance 
[km] 
Transport  
from and to 
Comment 
Pig slurry, untreated, ”ex-
housing” (to biogas plant) 
119.3 kg 5 km From farm to 
 Biogas Plant 
(Hamelin et al. (2009), Annex F, 
section F.13) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Solid fraction from source-
segregation ”ex-housing” 
(to biogas plant) 
171.6 kg 10.6 km From farm to 
 Biogas Plant 
(Hamelin et al. (2009), Annex F, 
section F.9) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Liquid fraction from source-
segregation ”ex-storage” 
934.9 kg 10 km From farm to field (Hamelin et al. (2009), Annex F, 
section F.6) Ecoinvent process 
“Transport, tractor and trailer”  
Solid (fibre) fraction from 
decanter centrifuge (ex-
separation) 
31.7 kg 100 km From Biogas plant to 
agricultural areas 
with  need for P 
(Hamelin et al. (2009), Annex F, 
section F.20) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Solid (fibre) fraction from 
decanter centrifuge (ex-
storage) 
31.3 kg 10 km From farm to field (Hamelin et al. (2009), Annex F, 
section F.22) Ecoinvent process 
“Transport, tractor and trailer” 
Liquid fraction from 
decanter centrifuge (ex-
separation) 
232.5 kg 5 km 
 
From Biogas plant to 
farm 
(Hamelin et al. (2009), Annex F, 
section F.24) Ecoinvent process 
“Transport, lorry >32t, EURO3” 
Liquid fraction from 
decanter centrifuge (ex-
storage) 
237.3 kg 10 km From farm to field (Hamelin et al. (2009), Annex F, 
section F.26) Ecoinvent process 
“Transport, tractor and trailer” 
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6 Life Cycle Assessment Results and Interpretation 
 
6.1 Life cycle Assessment Results including sensitivity analyses 
 
As described in chapter 2, 2 two questions have been set up in this LCA: 
 
A) Focusing on the digested pig manure only: What is preferable from an environmental 
point of view; to separate the digested pig manure or to use “the usual management of the 
digested manure” (i.e. outdoor storage and field application of the digested manure)? 
 
B) Focusing on the "whole system perspective": What are the environmental benefits or 
disadvantages of implementing the following chain of techniques: Source-segregation of 
manure from fattening pigs, biogas production, combined with separating the digested 
manure compared to the reference system for pig slurry?  
 
The results for the LCA for the separation of digested pig manure after the biogas plant are shown 
in figure 6.1 (related to question A above). In this, the results for “the usual management of the 
digested manure” (i.e. outdoor storage and field application of the digested manure) has been 
compared to “separation of the digested manure after the biogas plant, storage of the liquid 
fraction and storage of the solid fraction from the separation and transporting the solid fraction to 
agricultural areas which needs P (in order to optimize the utilization of the P content of the solid 
fraction). The results are shown per “1000 kg digested pig slurry after the biogas plant” (the 
functional unit for this part of the LCA, see explanation in section 2.2 and 2.3 in this report). 
 
The results of the LCA for the whole system approach for the “Source-segregation, Biogas and 
Separation after the biogas plant” scenario is shown in figure 6.2 together with the “Source-
segregation and Biogas” scenario and the sensitivity analyses (related to question B above). The 
Reference System (i.e. the traditional pig slurry management in Denmark today; in-house storage, 
outdoor storage and field application of pig slurry) is also represented in figure 6.2. The results are 
shown per “1000 kg pig slurry ex-animal” (the functional unit for this part of the LCA, related to 
question B above, see explanation in section 2.2 and 2.3 in this report). 
 
The following sensitivity analyses have been carried out: 
 
 Sensitivity analysis 1:  Improved separation efficiencies for Decanter Centrifuge, see section 
5.1.2. 
 
 Sensitivity analysis 2:  For the outdoor storage of the digested pig manure (section 4.7) and 
for the outdoor storage of the liquid fraction from the separation (section 5.2), a 40% 
reduction of the CH4 emission potential has been applied as an estimate for “reduction 
caused by digestion at the biogas plant” (assuming that a significant amount of the CH4 has 
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been emitted in the biogas plant). A sensitivity analysis has been carried out for this rough 
estimate, assuming that the CH4 emissions during storage after the biogas plant are not 
reduced. 
 
 Sensitivity analysis 3: Uncovered storage of solid fraction from the separation after the 
biogas plant instead of covered storage will lead to increased CH4 and CO2 emissions. The 
emission factors used for the basic calculations in this report (CH4-C = 0.17 % of C in 
degassed fibre fraction ex-separation and CO2-C = 1.9 %) is based on Hamelin et al. (2010), 
Annex F, section F.21), and applies for covered storage of digested biomass. The factors for 
uncovered storage of digested biomass (CH4-C = 1.3 % and CO2-C = 25.1 %) have been used 
for the sensitivity analysis, see discussion in Hamelin et al. (2010), (Annex F, section F.21). 
 
 Sensitivity analysis 4:  Increased loss of CH4 and CO2 from biogas plant. As mentioned in the 
LCA for Co-digestion of Horse Manure and Dairy Cattle slurry, Sweden by Baky (2013), 
section 4.2.3, there is significant uncertainty on the CH4 losses from biogas plant. Baky 
(2013) mentions “The plant at Västerås owned by Växtkraft AB measured their methane 
losses in year 2011 to 4.94 % of methane produced. The CH4 loss in this report is based on 
Hamelin et al (2014), i.e. 1%. A sensitivity analysis for 5% loss at the biogas plant has been 
performed. Losses of CO2 is assumed to correspond to CH4 losses 
 
 Sensitivity analysis 5: Alternative marginal electricity production year 2020-2035. This is 
assumed to be a mixture of 10% coal, 5% natural gas, 18% wood, 2% solar, and 65% wind. 
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Figure 6.1 Results and sensitivity analyses. Environmental impacts per 1000 kg of digested pig 
manure ex-biogas plant. (a) Global warming (CO2-equivalent), (b) Acidification (m
2 "unprotected 
ecosystems equivalent”) (c) Aquatic eutrophication, Nitrogen (Nitrate leaching) (N- equivalent) and 
(d) Aquatic eutrophication, Phosphorous (Phosphorous leaching) (P- equivalent). 
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Figure 6.2 Results and sensitivity analyses. Environmental impacts per 1000 kg of pig slurry ex-
animal. (a) Global warming (CO2-equivalent), (b) Acidification (m
2 "unprotected ecosystems 
equivalent”) (c) Aquatic eutrophication, Nitrogen (Nitrate leaching) (N- equivalent) and (d) Aquatic 
eutrophication, Phosphorous (Phosphorous leaching) (P- equivalent). 
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6.2 Discussion 
 
6.2.1 Global Warming 
 
From figure 6.1 and 6.2 it can be seen that separation of the digested pig manure right after the 
biogas plant leads to a slight reduction of the total contributions to Global Warming.  
 
The changes are mainly due to that the CH4 emissions during the outdoor storage are lower for the 
storage of solid fraction plus storage of liquid fraction compared to storage of the non-separated 
digested manure. The results are caused by that the CH4 emission factor per kg VS are lower for 
storage of the solid fraction than for the non-separated digested manure (it is assumed that the 
emission factor for the liquid fraction is identical to the emission factor for the non-separated 
digested manure, accordingly this does not lead to any change). In order to check if this is a 
realistic assumption, table 6.1 has been constructed, based on the IPCC data26. Although these 
data do not apply for digested manure, the IPCC (2006) data support the assumption that 
separation reduces the CH4 emissions due to reduced CH4 emissions from storage of the solid 
fraction compared to storage of the non-separated digested manure (sensitivity S3).  
 
Table 6.1. MCF factors from IPCC (2006) 
Manure fraction IPCC definition MCF factor 
Liquid/Slurry 
With natural crust cover 
Without natural crust cover 
Liquid/Slurry: Manure is stored as excreted or with some minimal addition of water 
in either tanks or earthen ponds outside the animal housing, usually for periods less 
than one year. 
 
10% 
17% 
Solid storage 
 
Solid storage: The storage of manure, typically for a period of several months, in 
unconfined piles or stacks. Manure is able to be stacked due to the presence of a 
sufficient amount of bedding material or loss of moisture by evaporation. 
 
2% 
Dry lot 
 
Dry lot: A paved or unpaved open confinement area without any significant 
vegetative cover where accumulating manure may be removed periodically 
 
1% 
 
 
From figure 6.1 it can be seen that if the storage of the solid fraction is uncovered, there is no 
significant reduction when separating the digested manure (figure 6.1, sensitivity analysis S3).  
 
The CO2 emissions are slightly higher for the storage of the liquid plus solid fractions from the 
separation than for the storage of the non-separated digested manure.  
 
If the solid fraction is stored uncovered, the CO2 emissions from the storage of the solid fraction 
increases significantly, and this is only partly compensated by the reduced CO2 emissions from the 
field (sensitivity analysis 3). 
 
In order to distinguish the significance of the contribution from the Biogenic CO2 (see description 
in section 2.1), the results has been shown without biogenic CO2 in figure 6.3 below.  
                                                      
26 According to IPCC (2006), table 10.17 on page 10.44 and Table 10.18 on page 10.49 in the updated version from 
January 2013 of the 2006 IPCC Guidelines for National Greenhouse Gas Inventories Volume 4 Agriculture, Forestry and 
Other Land Use” – Chapter 10: Emissions from Livestock and Manure Management. 
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Figure 6.3 Results and sensitivity analyses. Environmental impacts per 1000 kg of pig slurry ex-
animal. Global warming (CO2-equivalent). Left: Biogenic CO2 included (same figure as figure 6.2a). 
Right: Biogenic CO2 not included. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Figure 6.3 it can be seen that the conclusions made in this section do not change when 
regarding the results without biogenic CO2 included; Separation of the digested pig manure 
reduces the overall contributions to Global Warming. 
 
It is interesting, that when excluding biogenic CO2, the biogas production leads to negative total 
contributions to Global warming, which is caused by that the produced electricity replaces 
electricity based on coal and heat produced on natural gas. However, sensitivity Analysis no. 5 is 
based on a future electricity production (based on 10% coal, 5% natural gas, 18% wood, 2% solar, 
and 65% wind), and in this case, the biogas production only replaces small amounts of fossil fuels, 
and hence, the net contribution to global warming is higher than when replacing electricity based 
on 100% coal. On the other hand, biogas production is necessary as “energy storage” in a future 
energy scenario (Hamelin, 2013). 
 
The combination of techniques “Source-segregation, using the solid fraction for biogas production 
and separating the digested pig manure” reduces the contributions to Global Warming compared 
to the reference system (the “the usual management of raw pig slurry in Denmark”). The overall 
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reductions are mainly due to that the produced heat and power based on biogas substitutes heat 
based on natural gas and power based on coal, and these have been subtracted from the system. 
 
The energy consumption for the separation of the digested manure is insignificant compared to 
the rest of the emissions. 
 
It can be concluded from figure 6.2 and 6.3, that increased loss of CH4 from the biogas plant does 
not change the overall conclusions (sensitivity 4). 
 
 
6.2.2 Acidification 
 
The environmental impact category “Acidification” is primarily caused by contributions from NH3 
emissions. 
 
From figure 6.1 and 6.2 it can be seen that separation of the digested pig manure right after the 
biogas plant leads to a slight reduction of the total contributions to acidification. 
 
During storage, the separation of the digested pig manure leads to increased NH3 emissions 
(caused by increased NH3 emissions from storage of the solid fraction) compared to non-separated 
digested pig manure (figure 5.1). Nevertheless, this is counterweighted by reduced NH3 emissions 
after field application, as the separation leads to reduced NH3 emissions from the liquid fraction 
(after field application), see figure 6.1. In Hamelin et al. (2009), section F.7.3 this is explained; Due 
to the low content of dry matter of the liquid fraction, the liquid fraction infiltrates very fast in the 
soil, so less ammonia is likely to volatilize as compared to non-separated slurry. 
 
The combination of techniques “Source-segregation, using the solid fraction for biogas production 
and separating the digested pig manure” leads to reduced contributions to the impact category 
“Acidification” compared to the reference system (the “the usual management of raw pig slurry in 
Denmark”), see figure 6.2. 
 
 
6.2.3 Aquatic eutrophication (Nitrogen) 
 
In the reference scenario, the main contributions to the impact category “Aquatic eutrophication, 
Nitrogen” come from nitrate leaching from the manure applied to fields (80%) and airborne NH3 
emissions (19%). 
 
Separation of the digested pig manure after the biogas plant does not change the contributions to 
nitrate leaching significantly, when comparing to non-separated digested pig manure. As 
described in section 6.2.2 above, separation of the digested manure leads to increased NH3 
emissions from storage of the solid fraction, which, however, is counterweighted by reduced NH3 
emissions after field application. When including the uncertainties, there is no significant 
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difference regarding Aquatic Eutrophication (Nitrogen) when comparing the combination of 
techniques “Source-segregation, using the solid fraction for biogas production and separating the 
digested pig manure” to the reference system (the “usual management of raw pig slurry in 
Denmark”), see figure 6.2. 
 
 
6.2.4 Aquatic eutrophication (Phosphorous) and avoided amounts of mineral P fertilisers) 
 
The purpose of this LCA is to investigate the potential for separating the digested pig manure after 
the biogas plant in order to optimise the utilization of the phosphorous content of the manure.  
By separating, the phosphorous rich solid fraction can be brought to fields far away from the farm 
with a need for phosphorus, as the fields close to the pig farm areas usually has soils containing 
abundant amounts of P. 
 
In order to reflect the consequences of transporting the phosphorous rich solid fraction from “pig 
farm areas” to areas with need for P, the following approach have been used: According to Danish 
Law, the farmer applies pig slurry to the fields in amounts that are based on the N-content 
(maximum 140 kg N per ton slurry), regardless of the P content. However, if separating the 
digested pig manure after the biogas plant, it has been assumed that the P content of the solid 
fraction is analysed, and then the solid fraction is applied in amounts based on the P content. This 
is further described in section 4.8.1 and section 4.8.3 above. 
 
The application of manure to fields replaces mineral fertilisers. These are shown as “avoided 
mineral fertilisers” in figure 6.1 and 6.2 as negative values, because production of the mineral 
fertilisers leads to significant phosphorous losses and because application of mineral fertilisers 
would have caused phosphorous losses. 
 
Table 6.2 gives a summary of the P flows and the avoided (replaced) mineral P fertilisers in the 
reference system, “Source-segregation, Biogas Scenario” and the “Source-segregation, Biogas and 
Separation after the biogas plant Scenario”.  
 
 The reference system: All P ends on the field, however, as the crop does not need it all, 
only part of the P actually replaces mineral P fertiliser 
 
 The Source-segregation and Biogas Scenario: During the source-segregation, 79% of P 
ends in the solid fraction, which is sent to the biogas plant, and the remaining 21% ends in 
the liquid fractions from the source segregation (according to table 4.1). Both fractions are 
applied to field based on the N content, and the consequence is that P in the digested 
manure is applied in too large amount compared to the need of the crops. Accordingly, not 
all P in the digested manure replaces mineral P fertiliser. 
 
 Source-segregation, Biogas and Separation after the biogas plant Scenario: The digested 
manure is separated after the biogas plant, distributing 72% of the P in the digested 
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manure to the solid fraction and the remaining 28% to the liquid fraction. This means that 
all P in all fractions are applied in amounts that corresponds to or are less than the crops 
need for P, thus, all P replaces mineral fertiliser in this scenario 
 
As can be seen from table 6.2, all the P content of the pig manure ex-animal is utilized in the 
Source-segregation, Biogas and Separation after the biogas plant Scenario.  
 
Table 6.2. P flows and avoided amount of mineral P fertilisers in the involved systems 
System / scenario Fraction and P content 
[kg P per functional unit] 
Avoided mineral P fertiliser 
[kg P per functional unit] 
The reference system    
Total system 1.21 kg P 0.85 kg P 
“Source-segregation, and Biogas Scenario”   
Liquid fraction from source-segregation 0.25 kg P 0.25 kg P 
Digested pig manure (after biogas plant) 0.96 kg P 0.37 kg P 
Total system 1.21 kg P 0.63 kg P 
“Source-segregation, Biogas and Separation 
after the biogas plant Scenario” 
  
Liquid fraction from source-segregation 0.25 kg P 0.25 kg P 
Liquid fraction from separation after biogas plant 0.27 kg P 0.27 kg P 
Solid fraction from separation after biogas plant 0.69 kg P 0.69 kg P 
Total system 1.21 kg P 1.21 kg P 
 
 
As mentioned in section 4.8.4, phosphorous losses are estimated as 5% of the surplus P applied to 
fields. This is a rather rough estimate. Sensitivity analyses has been performed by using a Finish 
model, see description in section 4.8.4. These results are shown in figure 6.4. From this it can be 
seen that the Finish model leads to significant lower P losses and contributions to Aquatic 
Phosphorous Eutrophication than when using the 5% of surplus approach. The P loss results, 
calculated by use of the Finish model, gives values for the Danish soil corresponding to 
approximately 0.60% of P applied almost regardless of whether P is applied in excess amounts or 
not. The Finish model reflects that P losses from soil is mainly dominated by the P content in the 
soil rather than the amount in the applied manure, reflecting that changes in soil storage happen 
very slowly, response time is decades. This is probably correct, however, it does not reflect any 
(long term) consequences of transporting the P rich solid fraction to soils with a need for P. 
Probably, the truth is somewhere in between the two models. 
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Figure 6.4 Results and sensitivity analyses. Environmental impacts per 1000 kg of pig slurry ex-
animal. Aquatic Eutrophication (Phosphorous) (P-equivalent). Left: P losses calculated as 5% of 
surplus P (same figure as figure 6.2d). Right: P losses according to Finish model (see section 4.8.4). 
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6.3 Conclusion 
 
Separating the digested manure after the biogas plant in order to optimize the utilization of the P 
content of the solid fraction (by transporting this to agricultural areas which needs P) gives 
reduced emissions to Global Warming and Acidification, does not affect Nitrate leaching 
significantly and has a positive impact on the amount of avoided mineral P fertiliser.  
 
Precise models on P losses from soil and long term consequences of application of P containing 
manure to fields are lacking. If assuming that P losses corresponds to 5% of the surplus P (i.e. P 
applied via manure minus plant uptake), then reductions of contributions to the impact category 
“Aquatic Phosphorous Eutrophication” is possible when separating digested manure and 
transporting the solid fraction to soils with P need. If, however, phosphorous models are used 
which reflects that P losses are mainly corresponding to the P content of the soil (rather than the P 
applied in manure), there is no significant reduction of the contributions to Aquatic Phosphorous 
Eutrophication. 
 
A system consisting of a combination of techniques: Source-segregation of manure from fattening 
pigs, using the solid part from the source-segregation for biogas production, utilising the biogas for 
heat and electricity production, separating the digested pig manure after the biogas plant in order 
to optimize the utilization of the P content of the solid fraction (by transporting this to agricultural 
areas which needs P) has a positive impact on Global Warming, Acidification and P losses 
(depending on model used for phosphorous leaching) compared to  “the usual management of 
raw pig slurry in Denmark”. There is no significant impact on nitrate leaching, compared to the 
reference system. 
 
The energy consumption for transporting the solid fraction is insignificant for the overall results. 
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www.balticmanure.eu
The Baltic Sea Region is an area of intensive agricultural 
production. Animal manure is often considered to be a 
waste product and an environmental problem.
The long-term strategic objective of the project Baltic 
Manure is to change the general perception of manure 
from a waste product to a resource. This is done through 
research and by identifying inherent business opportuni-
ties with the proper manure handling technologies and 
policy framework. 
To achieve this objective, three interconnected manure 
forums has been established with the focus areas of 
Knowledge, Policy and Business. 
Read more at www.balticmanure.eu.
About the project
Part-financed by the European Union
(European Regional Development Fund)
The purpose of this Life Cycle Assessment report is to 
investigate the potential for separating the digested pig 
manure after the biogas plant in order to optimise the 
utilisation of the phosphorous content of the manure. By 
separating, the phosphorous rich solid fraction can be 
brought to fields far away from the farm with a need for 
phosphorus, as the fields close to the pig farm areas usu-
ally contain abundant amounts of P. The environmental 
consequences of the separation has been assessed.
Furthermore, the Life Cycle Assessment highlights the 
environmental impacts along the “manure management 
chain” for a combination of techniques: Source-segrega-
tion of manure from fattening pigs, using the solid part 
from the source-segregation for biogas production, uti-
lising the biogas for heat and electricity production, sep-
arating the digested pig manure after the biogas plant in 
order to optimize the utilisation of the P content of the 
solid fraction (by transporting this to agricultural areas 
which needs P) – compared to “the usual management 
of raw pig slurry” (i.e. in-house storage, outdoor storage 
and field application).
This report on was prepared as part of Work Package 5 
on Assessing Sustainability of Manure Technology Chains 
in the project Baltic Manure.
This report in brief
